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1  
Executive Summary  
This report aims to provide an overview of the design methodology followed by wind 
turbine blade structural designers, along with the testing procedure on full scale blades 
which are followed by testing laboratories for blade manufacturers as required by the 
relevant standards and certification bodies’ recommendations for design and 
manufacturing verification. The objective of the report is not to criticize the design 
methodology or testing procedure and the standards thereof followed in the wind energy 
community, but to identify those items offered by state of the art structural design tools 
that cannot be verified through the currently followed testing procedures and 
recommend ways to overcome these limitations.  
The work is performed within Work-Package WP7.1 entitled “Improved and validated 
wind turbine structural reliability - Efficient blade structure” of the IRPWIND programme. 
The numerical investigations performed are based on the INNWIND.EU reference 10MW 
horizontal axis wind turbine [1]. The structural properties and material and layout 
definition used within IRPWIND are defined in the INNWIND.EU report [2].  
The layout of the report includes a review of the structural analysis models used for 
blade design, highlighting the current state of the art. The review of the full-scale blade 
testing procedure is performed under Section 3, followed by the discussion on the issues 
of verification of design and manufacture performed through testing. Finally, 
methodologies for testing blade subcomponents and/or blade parts are described in 5. 
The present report is complemented by all details of the comparison of blade test loads 
against design loads on the reference blade, as provided in Annex 1. These data will 
facilitate direct comparisons in fine points of interest along the reference blade for the 
load cases considered.  
The recommendations of this report are relevant for the design and testing of wind 
turbine subcomponents, in order to verify the numerical analysis tools used in the 
structural design of wind turbine blades.  
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2 
Introduction  
This report includes the results of the review of the design methodology and the 
verification through testing of blades, as well as the numerical investigations of blades 
and blade subcomponents and the findings thereof. These results are combined with 
specifications for the design of blade subcomponents and recommendations on the 
performance of testing in order to be used for the verification of the blade design within 
the frame of Work-Package 7.1 “Improved and validated wind turbine structural 
reliability - Efficient blade structure” of the IRPWIND project. The report is a literature 
study complemented by numerical investigations performed with reference data and 
relevant analysis tools available. The report shall form the basis for the definition of the 
experimental campaign by the testing laboratories within the next step of the activities of 
WP7.1. The report is also to the interest of standardization committees and certification 
bodies, since it includes findings applicable to very large wind turbines blades. 
1. Structural design review 
For the structural design of wind turbine blades, the international standard IEC 61400-
1:2005 [3] is followed 1 . This standard provides a minimum set of specifications 
regarding wind turbine blade design. More detailed recommendations for the blade 
design are provided by certification bodies design guidelines, such as GL [4] and DNV-
DS-J102 [5] and these are usually followed during structural blade design to cover items 
too generally described in IEC 61400-1.  
The structural design of blades involves the compliance to a number of design 
constraints, some stemming from safety requirements, e.g. strength and deflections, 
while others originate from the operation of the wind turbine as a system, e.g. the 
geometry of the blade. For the smooth operation of the wind turbine as a system, 
operational characteristics of the blade form constraints for the blade structure. These 
include the natural frequencies of the blade. Especially the first flap and edge bending 
natural frequencies have a direct effect on the dynamic response of the wind turbine 
system. Additional constraints on the structural design are posed through the limits on 
the blade’s deflection, the strength under extreme loading and of course the strength 
under alternating wind loading conditions during the operational lifetime of the blade 
(fatigue). Obviously the tip deflection limits are controlled through constraints on the 
stiffness, while the load carrying capacity of the blade is controlled through constraints 
on the strength (ultimate and fatigue). Combined constraints occur: strength constraints 
include buckling limitations, which are in turn affected by the (local) stiffness of the 
blade, see also GL [4] and DNV [5].  
In addition, constraints on the structural design are imposed by manufacturing. These 
might include limitations set as a precaution for reducing manufacturing uncertainties, 
e.g. oversizing of gluing areas between adherent parts of the blade, or restrictions set as 
                                                 
1 The standard for the design of offshore wind turbines IEC 61400-3:2009 covers load 
cases and component requirements that are specific to offshore wind turbines, referring 
to IEC 61400-1 for component requirements that are common to both on-shore and off-
shore wind turbines, such as rotor blades.  
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limits on the manufacturing procedure, e.g. minimum thickness of composite material 
layers. 
Therefore, to comply with the operational constraints following is considered during the 
structural analysis of the wind turbine blade ([4], [5]): 
 Deflection 
 Natural frequencies (modal analysis) 
 Buckling 
 Extreme Load carrying capacity (static analysis) 
 Variable load carrying capacity (fatigue analysis) 
Following the above, the structural design of the blade is integrated in the loop of the 
whole wind turbine design, since the mass and response of the blade (stiffness, etc.) 
affects the loading on the blade during the wind turbine operation. This integrated 
design loop is performed through aeroelastic simulations, where the blade is modelled in 
a simplified way (usually as a beam structure) with information on the mass and 
stiffness properties obtained through the detailed structural design, reaching up to the 
strains and stresses exhibited on the layer level of the composite structure.  
According to GL and DNV-OS-J102, the material properties to be used in the design of a 
blade should be determined (through experiments) at the layer (lamina, ply) level. For 
ultimate load cases the multiaxial failure criterion recommended by GL [4] is the Puck 
criterion [9], while DNV [5] recommends the maximum strain criterion or modifications to 
the Tsai-Wu criterion [10]. For fatigue analysis requirements for both GL and DNV 
guidelines refer to the laminate, although DNV mentions that fatigue analysis may be 
conducted on the ply level of the laminate.  
GL [4] requires that verification data should be provided for a sufficient number of 
sections along the blade length. Data should be provided at a number of sections 
(usually 10) between the root of the blade and the largest (local) chord section of the 
blade and at least at 10 sections between the largest chord section of the blade and the 
blade tip. The maximum distance between two sections is 2.5m. 
The design of bolted and bonded joints in the blade is addressed in the design standard 
and the design guidelines only in general terms. Only directions are given for the design 
of the joint and/or test data are required to support assumptions.  
An inherent requirement for the structural design of blade is to achieve a target 
reliability level. The design philosophy followed presently [11] requires that, the 
variability of loading and material properties, uncertainties in the measurement or 
estimation of these, as well as manufacturing tolerances is taken into account through 
application of appropriate safety factors. In this way safety factors are applied to 
increase the design loads (considering adverse conditions in load estimation) and 
decrease the material strength or elasticity properties (considering adverse effects on 
material properties, due to external conditions or degradation).     
To ensure the level of safety requested for the certification of the wind turbine blade, 
given the state of the art in modelling methods available to the industry, all certification 
schemes necessitate verification of the design assumptions through testing of a full-
scale blade. This full-scale blade test actually involves a series of testing usually on a 
single blade from the production series and is performed following IEC 61400-23 [12]. 
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2. Structural analysis models 
Current wind turbine blades are massive composite structures. As such their internal 
structure comprises a large number of different composite material layers, each 
resulting in different effective properties, depending on the constituents (fibre and 
matrix) as well as their positioning (orientation of fibres, stacking sequence of different 
layers, etc.).  
The analysis models described in this section are derived from a literature review on 
structural wind turbine blade models, extended through input from the IRPWIND 
partners on their tools. Focus is given, therefore, on analysis models that are developed 
and/or used by the partners of IRPWIND and the EERA JP-Wind SP “Structures and 
materials”.  
In the present report, the loading is assumed to be independent of the structural blade 
design and is regarded only as an input parameter. In other words, it is assumed that 
the tools and methodologies used in the structural design are detached from the full 
wind turbine design loop, in order to allow assessment of these tools.  
Current state of the art aero-elastic tools, such as Bladed and Focus [6] used for the 
prediction of loading on the rotor blades but also for the assessment of the whole wind 
turbine, model the blades encompassing finite elements with beam formulation, 
specially adapted for more accurate predictions of the wind turbine response (e.g. [7] 
and [8]). Therefore, information regarding the loading and the response is given in terms 
of the beam model, and then this information has to be interpreted to enable feeding in 
the structural model of the blade for further analysis.  
To perform a detailed structural design of the blade, examining the internal stress 
distribution within the blade a 3-D finite element model of the blade is necessary [13]. 
Such a model comprises thousands of composite shell elements, typically using 
commercial finite element analysis codes (e.g. [14], [15]). Elements suitable for 
modelling thick layered, anisotropic shells are usually used. Such a blade model is 
shown for example in Figure 1. The tip of the blade is cut off to enable view of the 
modelling of the internal structure. In some cases, solid (or brick) elements in 
combination with shell elements are employed to refine the analysis of the blade (e.g. 
[16]).  
 
Figure 1 Example blade model 
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The modelling level required for accurately and effectively predicting the response of the 
wind turbine blade is still a matter of investigations, especially regarding the local 
stresses, which play a significant role in damage initiation (e.g. [17]).     
Within the EC co-funded research project INNWIND.EU (www.innwind.eu) a benchmark 
study on the structural analysis tools of wind turbine blades has been carried out [18] 
with the participation of six organizations, where estimations on strains, stresses and 
critical buckling loads were compared among others. It suffices to note that all partners 
employed multi-layered shell or solid finite element models to provide all or part of the 
requested data for comparison.    
Due to the high computational cost of three-dimensional finite element models, they are 
not suitable for direct use in a system of aero-elastic analysis [13], [19]. The aero-elastic 
simulations result in a distribution of sectional stress resultants along the blade length. 
To use this to assess the structural efficiency of the blade, the loads resulting from aero-
elastic simulations have to be converted to allow application as external loading on the 
3D finite element model of the blade. This will be discussed in more detail in a following 
section.  
On the other hand, the size of multi-MW-sized blades requires blade and wind turbine 
designers to consider the structure of the blade and its response earlier in the design 
process [13]. To accurately represent the mechanical properties of the full 3-
dimensional blade in the 1-dimensional beam element, for the load estimation using 
aero-elastic codes, approaches for estimation of the sectional properties along the blade 
length have been developed. There are several tools available for extracting the three-
dimensional information of composite rotor blades into one-dimensional beam 
elements, e.g. [20] and [21]. Chen et al. in [22] assess the output of these tools. It 
suffices to note that all partners participating in the INNWIND.EU benchmark of 
structural analysis tools presented the sectional properties estimated through in-house 
codes [18].  
Going one step further, to take advantage of modern aero-elastic codes and be able to 
perform the necessary detailed strength, stiffness and/or stability assessment directly 
after stress resultants at each section have been calculated, approaches for sectional 
analysis have been developed. This way a closer and more effective interaction between 
codes performing aero-elastic analysis for the wind turbine system and tools used for the 
blade structural design is achieved. Yet, despite the multitude of numerical tools for 
extracting the properties along the blade length, there is less work dealing with 
transforming the one-dimensional results of aero-elastic codes to detailed internal 
strain/stress analysis of the three-dimensional structure. This is, nevertheless, an 
essential step in the loop during the structural design of the wind turbine blade, if 
detailed finite element analysis is to be kept to a minimum, while keeping up to date 
information on the necessary structural modifications of the blade during the complete 
aero-elastic analysis of the wind turbine.  
In the INNWIND.EU benchmark [18] several partners provided results for comparing 
strains, stresses, failure indices under both ultimate and cyclic loading based on 
estimations from in-house developed tools. Details of the underlying theory and the 
capabilities of each of these tools can be found in references in [23] and [24] for THIN 
(CRES), [25] for PROBUST (University of Patras), [26] for BASSF (CENER) and [6] for 
FOCUS (WMC).  
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Of course, the accuracy of these models is inferior to that of three-dimensional finite 
element models in terms of stresses and strains developed on the composite material 
level. Yet, their capability of directly using results of aero-elastic codes, as well as the 
tailor-made output to allow an adequate description of the blade structure for 
performing aero-elastic simulations raises their value, especially if proven to be of 
acceptable accuracy. The latter will be discussed in a subsequent section of the present 
report.  
2.1 Boundary conditions 
Should the analysis be performed by use of a finite element model consideration of 
boundary conditions is necessary. Excluding transport and installation load cases, the 
blade is constrained only on the root section of the structure. Modelling usually assumes 
a rigid connection to the hub by restraining the nodes on the root of the blade, 
neglecting elasticity of the pitch bearing or the hub, or (in the case of the full-scale 
testing) of the reaction wall of the laboratory. Within the INNWIND.EU benchmark the 
majority of the partners preferred restraining all degrees of freedom (i.e. translational 
and rotational) for the nodes forming the root of the blade. One partner restrained only 
the translational degrees of freedom for these nodes, assuming a more flexible 
connection between the root and the “hub”. This selection resulted in differences in 
strains and stresses predictions, limited, nevertheless in the root area. The differences 
in strain could reach twice the average strain value of other partners. Another option is 
to use rigid links to constraint the centre of the root section and connect with the actual 
nodes on the root, as in the case of the simulations performed within the IRPWIND by 
CENER relevant to the loading of the full-scale blade in experimental validations (see 
also Annex 1).  
As mentioned earlier, for the application of the load results from aero-elastic simulation 
on the structural finite element model of the blade, the loads have to be suitably 
converted. The definition of an equivalent system is required to this end, which can be 
performed by modifying the methodology used for the evaluation of the blade strength 
on the basis of load component distribution during blade testing [12], as e.g. presented 
in [27]. An image of the distributed load in the flap and lead lag direction for the blade 
finite element model is shown in Figure 2. Even so, without proper treatment, application 
of the concentrated forces on the 3D shell elements could result in fictitious stress 
concentrations near the application points [28] or introduction of torsion not predicted 
by the aero-elastic simulation if the concentrated forces are applied on nodes on each 
section without adjustment for the torsion value produced [29].  
 
Figure 2 Example of point load distribution along the blade length 
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Alternative to the use of concentrated forces directly on the 3D shell element model 
links may be employed, by which the forces are applied at a point in the centre of the 
section and then, distributed through these links on the slave nodes on the blade 
structure [28].  
Both methods, i.e. direct application of concentrated forces and use of rigid links were 
used by partners within the INNWIND.EU benchmark [18]. The results show that the 
most affected response is that of the torsion, especially on the outboard sections of the 
blade. Differences in the response prediction of up to 2 degrees were observed between 
those two groups [18]. 
Further to that, CENER performed a comparison of the damage under fatigue loading 
estimated by use of sectional analysis tool and 3D shell finite element model (see 
specific results in Annex 1). It was found that the loading of the sections through links 
(RBE3 equations in the specific case) strongly affects the results leading them to 
conservative estimations. This indicates that further study on the modelling of the 
loading on the blade is necessary.  
2.2 Joints 
As already mentioned of special importance are the joints of the blade, whether bolted 
(e.g. for the connection of the blade on the hub) or bonded (e.g. between the shear web 
and the caps).  
Analysis for both joint types is usually performed as a sub-modelling case during the 
blade structural design. For bolted joints the VDI 2230 [30] is used, as for example 
presented in [31] for the blade root connection or in [32] and [33] for the case of a 30m 
split wind turbine blade. 
The adhesive joints (with the exception of one manufacturer) run through the entire 
length of the blade in the trailing and leading and between the spar caps and the shear 
webs, strongly depending on the manufacturing solution. Due to the complex stress 
state at the location of the joints, to properly address the joint strength during the 
design, solid finite elements are needed. As discussed earlier, these models are too 
computationally costly. In addition to that, the joints are sensitive to the small alterations 
of the joint geometry (adhesive thickness, width, etc.), which are in turn sensitive to 
manufacturing methods used. These, are hard to accurately capture during the design 
phase, thereby leading to assumptions relevant to the manufacturing tolerances in order 
to accurately model the joint and capture the joint behaviour.  
Two paths are followed: the first uses engineering judgment and simplifications to 
provide solutions for the joint specifications. The second employs detailed sub-modelling 
on key locations. Yet, in this case, the research community is still investigating the best 
way to achieve the required accuracy of estimating the strength of composite material 
adhesive joints (see also discussion under section 2.3). Recommendations for analysis 
and failure predictions have been suggested in [34] for the aeronautics sector mainly 
addressing metallic adherents. Specifically for the wind turbine blades a discussion on 
the modelling of the bonded joint can be found for example in [35] and [36]. 
Bottom line, especially for the bonded joints of wind turbine blades the collection of 
design data, as well as the verification of design and manufacturing is performed 
through extensive testing. This experimental research path will be discussed in section 
5.  
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2.3 Failure criteria 
When discussing strength, irrespective of whether this is under semi-static or cyclic 
loading conditions the subject of failure function should be addressed. For composite 
materials the designer has available a large number of failure criteria, which lead to 
different results. The differences in failure predictions using these criteria increase with 
the complexity of the exhibited loading and the material layout.  
This issue is supressed in the design of wind turbine rotor blades, due to the fact that 
the certification bodies ([4], [5]) specify the failure criterion that should be used. 
Therefore, in the structural design of the blade the modeller/designer follows 
specifications, at least for the cases under ultimate loading. Under cyclic loading, 
fatigue, the specifications of the design guidelines and standards are contradicting the 
requirement of performing calculations on the layer level of the material and require 
calculations on the laminate level.  
Still relevant, the results of the world wide exercise on failure criteria for composite 
materials (WWFE-I) [37] under monotonic loading, exhibit large differences in the 
performance of the various theories studied including test cases relevant to wind turbine 
blade design. The predictions for failure initiation (first ply failure) for multiaxial 
laminates and predictions of laminate deformations are the most relevant for use in the 
design of blades. Yet, should these be verified through experiments, then the prediction 
of the final failure becomes of relevance. Important to note is that most of the theories 
applied and reviewed through this exercise include features of modelling non-linear 
stress strain behaviour under shear stress and degradation effects, the latter to improve 
predictions for the deformation of the laminates and final failure. In [37] authors provide 
recommendation to designers based on the findings of the exercise. Selecting the 5 best 
ranking theories under the 19 theories in the benchmark, recommendations are 
provided for application on the different test cases. The selected theories of [37] are: 
 Zinoviev [38] using the Maximum Stress failure criterion with a post failure 
analysis. Theory applied assumes linear elastic stress–strain behaviour up to 
initial failure but includes a continuous correction for the effects fibre orientation 
change throughout loading. 
 Bogetti [39] using a three-dimensional form of the Maximum Strain failure 
criterion, with allowance for non-linear lamina shear stress–strain behaviour and 
a simple progressive failure analysis. 
 The well-known Tsai-Wu [40], [10] interactive failure criterion that does not 
explicitly identify failure mechanisms, assuming linear elastic material properties 
and reduced matrix stiffness after initial failure. 
 Puck’s theory [41], [9] considers three-dimensional failure and includes non-
linear analysis to predict progressive failure.  
 Cuntze’s approach [42] is similar to Puck’s in some respects but assumes 
interaction between failure modes due to probabilistic effects.  
It is important to note that the WWFE-I failed to provide recommendations on initial 
failure prediction case of multi-directional laminates, which is quite important for the 
wind turbine blade design, mainly due to uncertainties regarding the available test data. 
In [37] it is recommended to increase the experimental data base in order to allow 
assessment of the theories’ performance.  
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The long term response of the composite materials was not addressed within WWFE-I, 
nor has it been addressed in the second world wide failure exercise (WWFE-II) 
considering three-dimensional load cases of composite materials [43]. Yet, the 
performance of theories in predicting multiaxial laminate’s response under 3-
dimensional state of stress discussed in [43] becomes more relevant for state of the art 
wind turbine blades. This is so for two reasons: a) the laminate thickness is increasing 
significantly as the length of the blades is increasing which might give rise to stresses 
through the thickness, that cannot be further neglected, and b) 3-dimensional state of 
stress is exhibited in details of the blade, such as bonded joint locations (discussed 
above) and ply-drop locations, which are of importance for optimizing the structural 
blade design.   
Capabilities of cracking and damage models to predict progressive damage are 
assessed within the third world wide failure exercise (WWFE-III) [44]. This benchmark 
involves comparison of predictions relevant to matrix cracks evolution, effects of ply 
constraints and stacking sequence, loading-unloading phenomena and failure due to 
stress gradients of multi-axial laminates, under in-plane stresses caused by in-plane 
loading, bending and thermal loading. Large differences in predictions have been 
observed between the various contributors in this exercise, while comparison against 
experimental data is pending [44].    
Acknowledging that the current practice of the industry is depicted by certification bodies 
requirements for the wind turbine blades, under cycling loading there are available state 
of the art fatigue formulations, which consider multiaxial cyclic loading on 
multidirectional laminates, starting from the layer (lamina) level. Within INNWIND.EU 
benchmark most of the contributing partners took into account only the axial stress to 
estimate fatigue damage for the wind turbine blade. Consideration of multiaxial state of 
stress in fatigue formulation following [45] has been implemented by one of the 
participants in the benchmark [18]. Results show that in cases the damage estimated 
when taking into account multiaxial stresses is larger than that neglecting shear and in 
other cases the opposite holds, making conservative estimations when neglecting shear. 
More recent efforts in considering multiaxial stress state for multidirectional laminates 
are presented for example in [46], where the multiaxial fatigue model is based on Puck’s 
failure criterion and in [47] and [48] where progressive damage is considered to 
estimate the fatigue life of multidirectional laminates.  
CENER performed simulations relevant to strength prediction under extreme loading on 
the reference 86m blade using different failure criteria (for details see Annex 1). Tsai-
Wu, Hill, Hoffman and Maximum strain criteria were among the applied ones. As 
expected, strength ratio estimations had large differences depending on the failure 
criterion. The following figure presents results along the blade length corresponding to 
the minimum strength ratio on each section. Depending on the stress condition on the 
various elements of each section the differences between the failure criteria increase or 
decrease.   
IRPWIND deliverable D7.1 - project no. 609795 
 
10 
 
Figure 3 Minimum strength ratios along the blade span with different failure criteria 
The above discussion supports the need for verification through testing for the wind 
turbine blades. The design community is still wary of the various formulations for the 
estimation of failure, partly due to the large differences between these formulations.  
2.4 Model uncertainty 
The work performed within the INNWIND.EU project [18] sets the baseline for the 
estimation of model uncertainty. As all partners were provided with the same 
information regarding the blade external structure, the internal material lay-out and 
configuration, as well as the loading that should be imposed on the blade it is possible 
to compare the output and assess the variability of the results. At this stage neither the 
accuracy nor the correctness of the numerical simulation results can be assessed, since 
for that purpose comparison against experimental data should be available. Yet, given 
the capacity of the participants in the benchmark study and their experience in 
comparing numerical simulation results of wind turbine blades against test data the 
relevance of the results is evident. Further to that the number of independent results 
increases the statistical significance of the data.  
Since the benchmark covered both stiffness, as well as strength aspects, model 
uncertainty estimated through these covers most of the measurable parameters through 
an experiment. This issue was addressed in [11], where it was suggested that this model 
uncertainty could be estimated through experimental data. But, as discussed in a 
subsequent section of the present document, in this case there are additional 
uncertainties intervening and potentially blurring the statistical interpretation of results.   
The results of the INNWIND.EU benchmark indicated that the gross properties of the 
blade (mass and centre of gravity) are estimated with a very low variation between the 
partners. Coefficient of variation is 1% for the blade mass and the position of centre of 
gravity along the length of the blade, while a standard deviation of 2mm in the flap 
direction and 30mm in the edge direction was noted for a section having a chord of 
about 6m. A little higher was the coefficient of variation for the sectional mass properties 
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(linear mass and mass moment of inertia). Disregarding the inconsistencies observed 
probably due to misinterpretation of reference coordinate systems between the 
partners, the coefficient of variation for mass properties of inertia is about 5%, while the 
standard deviation of the mass centre on the section is below 90mm in the edge and 
20mm in the flap direction (on section with 6000mm chord). Similar results are 
obtained for the sectional elastic properties (axial, bending and torsional stiffness, 
elastic and shear centre). The coefficient of variation for the natural frequencies of the 
blade was found to be below 3% up to the 5th mode of vibration, i.e. mainly flap and 
edge modes. A larger coefficient of variation of about 5% was noticed for the torsional 
eigen-frequency of blade. Regarding the tip deflection of the blade under load, in two 
different load cases the coefficient of variation was found below 7% for the flap direction 
and up to 15% for the edge direction. These results include different modelling methods 
for the load, as discussed for the boundary conditions, as well as the non-linear analysis 
performed by DTU. The variation noted for the deflections is considerably reduced if the 
results of two partners are excluded. Specifically, disregarding the results of PoliMi, 
which did not include the third shear web of the reference blade in the model, as well as 
that of CRES, which modelled the mid-plane of the shell elements on the external 
surface of the blade, the coefficient of variation for the displacement drops to below 3%. 
The results by non-linear geometric analysis performed by DTU are close to the average 
of the other partners, possibly indicating that a linear analysis suffices for this case. The 
results of the INNWIND.EU benchmark on the torsion of the blade revealed larger 
differences. In this case, all differences in modelling affect the results. That is, even 
when excluding partners with modelling differences in the internal structure of the blade, 
as per the deflections, the standard deviation of the torsion is 1 degree. The difference 
in the torsion at the tip of the blade for the linear and the non-linear case is above 1 
degree, indicating that the analysis type has an effect on the results for this case. 
Further to that, the different modelling of the imposed loads, as discussed in the 
previous section, also affects the results, leading to a difference of about 2 degrees.  
Coefficients of variation of strain data reported within the benchmark were below 5% for 
longitudinal strains (along the blade direction) for positions on the spar caps, but, they 
were above 15% for positions on the leading edge and close to the trailing edge of 
blade. Even larger differences were obtained for the shear and transverse strains, 
irrespective of the position on the blade. 
The same large differences were obtained for predictions of strength. Whether buckling, 
strength under extreme loads or fatigue, the estimations where in some cases double. 
Even for buckling predictions, which depend on the (local) stiffness and the loading the 
differences were above 50%. The modelling of loads was found as playing a significant 
role in these. Probably the differences in local stiffness, as indicated by strain/stress 
results also play a significant role. Similar for strength predictions, both under extreme 
loading, where multiaxial stress was taken into consideration by the participants, as well 
as for fatigue, where only longitudinal stress was considered, there were large 
differences, as discussed in the previous section.     
3. Full-scale blade testing 
Full-scale blade testing is performed following IEC 61400-23 [12]. The standard focuses 
on aspects of testing related to an evaluation of the integrity of the blade. The 
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fundamental purpose of a wind turbine blade test following IEC 61400-23 is “to 
demonstrate to a reasonable level of certainty that a blade type, when manufactured 
according to a certain set of specifications, has the prescribed reliability with reference 
to specific limit states, or, more precisely, to verify that the specified limit states are not 
reached and the blades therefore possess the load carrying capability and service life 
provided for in the design.”  
To achieve its objective IEC 61400-23 considers following tests: 
• static load tests; 
• fatigue tests; 
• static load tests after fatigue tests; 
• tests determining other blade properties (among them mass, centre of gravity 
and natural frequencies) 
From the above tests the majority is used to assure the load carrying capability 
(strength) of the blade. Yet, some are used to determine blade properties in order to 
validate some vital design assumptions used as inputs for the design load calculations.  
Following the standard a blade passes the test if the limit state is not reached when the 
blade is exposed to the test load, which in turn is representative of the design load. 
Under limit state the ultimate limit state and the fatigue are considered in the standard, 
whereby the limit state is the state of the structure and the loads acting upon it, beyond 
which the structure no longer satisfies the design requirements. 
Inherent in the testing standard is that the design loads form the basis of the test 
loading and that according to the design calculation the blade is able to survive the 
design loading, i.e. no failure is predicted under the design loads. 
The practical constraints within the blade testing are also recognized. Included in these 
are that the distributed load on the blade can be simulated only approximately, the time 
available for testing is generally one year or less (especially concerning fatigue tests) 
and that certain failures are difficult to detect. 
For the determination of test loads to be applied on the blade, the IEC 61400-23 [12] 
requires the application of a blade-to-blade variation factor of 1.1 applicable to both 
static and fatigue test, as well as a load factor accounting for possible errors in fatigue 
formulation ranging from 1.065 to 1.015, depending on the number of fatigue cycles to 
be applied (5x105 to 1x107 cycles). A factor accounting for possible more benign 
environmental conditions in the laboratory is also suggested in the standard.  
For the static load test in general all locations are regarded as sufficiently tested if the 
loading during the test is equal to or higher than the target test load. For a fatigue test 
the test loading is generated such that it produces a fatigue damage equivalent to the 
fatigue damage caused by the target (design) loads. 
It is recognized that the test will not exactly match the design situation. Purpose during 
the test design is to assure that the critical regions of the blade (as identified during the 
design) will be properly loaded during the test in order to confirm that the areas can 
sustain the load. Neither overloading nor benign loading is wanted, but, due to the load 
distribution achievable in the laboratory, it is certain that some of the regions will have 
lower loads (than in the design) and other will be overloaded. Compromises are 
foreseen.  
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With use of the reference blade used in the INNWIND.EU project, a test case for the flap 
direction using 5 pullers along the blade length was considered. The distributions of 
target and test load are shown in Figure 4. Clearly in some parts the test load exceeds 
the target and in other parts the opposite is experienced, showing at first glance a not so 
good approximation of the target load.  
  
Figure 4 Example of comparison target versus test load for the reference blade  
A closer examination of the differences between target and test values is shown in 
Figure 5, where the actuator position is also shown (with red lines). The inboard part of 
the blade is underloaded, while the part between about 10% and 75% of the blade 
length is overloaded with a peak of 5% at about the maximum chord section of the 
blade, which is considered as the critical section.  
 
Figure 5 Example of difference between test and target load along the blade (actuator 
positions marked in red)  
Looking at IEC 61400-23 directions the sections at the load introduction points should 
be disregarded at an area (along the blade) extending 75% of the relevant chord both 
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inboard and outboard of the load application position. This is due to the influence of the 
load introduction and the reinforcement provided by the saddles to ameliorate the action 
of concentrated forces on the blade shells. For the example case, the areas that should 
be neglected due to the above load introduction influence are marked in the following 
figure. This in turn means that increasing the number of saddles to closer approximate 
the loading along the blade length, necessitates neglecting larger parts of the blade 
(along the length) because of the influence at the load introduction points.  
Going one step further the areas that should be disregarded since the blade at these 
locations is underloaded is shown in Figure 7, along with the previous mentioned ones. It 
is clearly seen that the areas can be actually tested against strength is quite limited.  
 
Figure 6 Areas to be disregarded during testing because of load introduction points 
along the blade.  
 
Figure 7 Areas to be disregarded during testing because of load introduction points 
along the blade and locations where test load introduced is lower than the target load 
case.  
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Working similar for the shear stress resultants along the blade the difference between 
test and target load is seen in Figure 8. In this figure it is also seen that the test shear 
stress resultants are for the largest part of the blade less than the target loads.  
 
Figure 8 Example of difference between test and target shear load along the blade 
(areas to be disregarded due to actuator marked through boxes)  
Increase of the applied load at the most inboard load application point to lift the test 
load in the root area (between 0% and 10% of the blade length), would result in an 
overshoot of the test bending moment at the critical area of the maximum chord section 
to about 7%. Still, the test shear stress resultants would be less than the target ones. 
The bending moment distribution for the test and target case are shown in Figure 9, 
while the differences between target and test for the bending moments and shear stress 
resultants of this case are shown in Figure 10 and Figure 11, respectively. 
 
Figure 9 Example of comparison target versus test load for the reference blade (test 
load at root equal to target)  
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Figure 10 Areas to be disregarded during testing because of load introduction points 
along the blade and locations where test load introduced is lower than the target load 
case for load shown in Figure 9.  
 
Figure 11 Example of difference between test and target shear load along the blade 
(areas to be disregarded due to actuator marked through boxes) for load shown in 
Figure 9   
Despite the differences between the two test cases, especially regarding the higher 
overload value of about 7% in the second case, simulations with both test load cases in 
comparison to target load case performed by CRES, did not show alteration or increase 
of critical area on the blade, nor expectation of failure due to buckling in the overloaded 
area.  
At this point it should be mentioned that the design load case of the reference blade 
used in INNWIND.EU was based in aeroelastic simulation results performed by DTU and 
reported in [2], but was adapted to the needs of the benchmark as explained in [18]. 
Thus, the proposed load case does not describe simultaneous applied loads across all 
sections and it does not cover all load cases that the blade should sustain (as in a 
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complete structural design of a blade). The performed adaptation to the sectional stress 
resultants might be also the reason for the different behavior of the bending moments 
and shear loads. It is also recognized that the selected “design” case might lead to non-
conservative or conservative results regarding the blade strength output. Nevertheless, 
the “design” load case is considered to be effective for the purposes of this report. 
CENER has applied the methodology described in the IEC 61400-23 standard for the 
simulation of the test for the 86m reference blade, considering single axis multiple 
location configuration (for details see Annex 1). In this application the number of pullers 
selected is 7 and the difference between target and test load is below 2% for all sections 
at least up to 75% of the blade length. Critical areas of the blade in this simulation are 
those that have a strength ratio below 1, with a focus on the section providing the 
minimum strength ration at 50.6m. The areas of the blade that should be neglected 
following the previous discussion are marked in the following figure. Maximum chord 
section at 24.5m as well as the section with the minimum strength ratio at 50.5m can 
be tested. 
 
Figure 12 Areas to be disregarded during testing because of load introduction points 
along the blade and locations were test load introduced is lower than the target load 
case.  
In Figure 13, the areas have a strength ratio below 1 are coloured light blue to red. On 
the left of Figure 13 the simulation results applying the design loads are shown (i.e. 
multiaxial loading along the blade length). On the right the simulation results of the 
single-axis test are presented (loading only on the flap direction). It is seen that the 
critical area is reduced towards the centre of the spar. In other words, areas of the 
trailing and leading side of the blade are loaded more benign under this testing 
configuration.  
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Figure 13 Example comparison between design (left) and single axis multiple location 
test loading (right) 
The fact that parts of the blade are conservatively tested, while others are not loaded to 
the design/target load is extensively discussed within the IEC 61400-23 standard, both 
for the static tests as well as for the fatigue tests. For the fatigue case the reserve 
against fatigue failure can be expressed by the fatigue strain factor (FSF), the factor by 
which the load has to be multiplied to obtain damage equal to unity [49]. As explained in 
[49] in order to properly test a given area, the damage estimated by the test load must 
be equal or higher than the damage estimated through the target load. In turn, the FSF 
for the fatigue test load must be equal to or lower than the FSF for the fatigue target 
load. To enable comparison the relative fatigue strain factor (rFSF), i.e. the ratio of the 
FSF for the target load over the FSF for the test load [49]. Figure 14 presents results for 
the fatigue case, comparing the relative fatigue strain factor (rFSF) for a single axis, 
sequential flapwise and edgewise test case (on the left) and a dual axis, combined flap 
and edge test (on the right) [49]. Clearly introduction of dual axis testing achieves a 
larger area on the blade that is properly tested, than the single axis (sequential) case.  
 
  
Figure 14 Sequential flapwise and edgewise test (left), combined flap and edge testing 
(right)  
From CENER’s work it is also seen that one of the reasons leading to increased stress 
ratios (i.e. benign loading) is that the multiaxial ratio is changing from design to test 
case. Taking for example the loading of section at 50.574m the stress ratio under the 
design load for Puck’s Fibre Failure (FF) is 2.845, while for Inter-Fibre Failure (IFF) 
0.672. For the test load the Puck’s FF is 2.611, indicating that the stresses along the 
fibre direction have increased, but the IFF is 1.090, indicating that shear and transverse 
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stresses dropped. For failure criteria ignoring the failure mode (as for example the 
quadratic failure criterion and its expressions) the change in stress direction leads to 
increase of strength ratio. 
To achieve the objectives of the standard it is the test designer’s responsibility to assure 
that the critical areas of the blade are sufficiently loaded, even if this means that some 
parts will be overloaded. The stress direction ratios are ignored if a failure criterion 
identifying the failure mode is not used.  
Failure during the experiment is classified in catastrophic failure, permanent 
deformation or loss of stiffness and superficial damage. To identify failure visual 
observation is required, while in the IEC 61400-23 standard it is suggested that visual 
inspection may be supplemented by infrared or ultrasonic inspection and recording of 
sound emission.    
Catastrophic failure, including breaking or collapse of the structure, separation of parts, 
complete failure of structural parts such as bondlines, etc., is assumed to be readily 
observed during the experiment. According to the standard superficial damages, such as  
small cracks in laminate or bond lines, gelcoat cracking, paint flaking and surface 
bubbles, etc., if identified they should be evaluated to determine their effect on safety 
against catastrophic or functional failure. Possible stiffness loss or permanent 
deformation is identified by evaluation of the strain distribution and deflection of the 
blade during the first static test and both after the static test and after the post fatigue 
static test. 
According to IEC 61400-23 apart from measurements relevant for the determination of 
the blade mass and the centre of gravity of the blade, the standard requires that 
imposed load and load direction is measured along with blade deflections and strains 
during strength tests. Deflection should be measured along the length of the blade with 
emphasis on measurements at high loads for the flap direction to validate tip 
deflections. Typically for strains on the skin of the blade, strain in the longitudinal 
direction is to be measured along the spar cap and at two positions (maximum chord 
and mid-span section) on the leading and trailing edge. For the webs, measurement by 
strain gauge rosettes for the shear strain near the root and at a section with high strain 
values is required.   
Finally, according to the standard, uncertainty in measurement should be estimated 
reported for the magnitude, direction and location of any applied load, measured 
displacement and strain. 
3.1 Blade to blade variation 
Usually a complete series of test (modal, static, fatigue) is performed on a single blade. 
Therefore, information on the blade to blade variation due to manufacturing tolerances 
is quite limited.  
In the early stages of wind energy development, within a research project PROFAR [53] a 
large number (37) of small blades of 3.4m length were tested to failure through static 
and fatigue tests by three laboratories (TUD, Risø and CRES) in order to determine 
among other issues the blade to blade variation. During this experimental campaign 
information regarding the mass and stiffness properties of the blades was also collected 
and statistically analysed in Jørgensen and Fahmüller [54]. The blades were 
manufactured by a single manufacturer using procedures that reflected the technology 
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used for manufacturing large blades at that time, i.e. hand lay-up. Det Norske Veritas 
(DNV) supervised the manufacturing procedure to attain the required high quality 
manufacturing process.  
The coefficient of variation for the total mass of the blades was 2.1%. The coefficient of 
variation for the centre of gravity of the blade was 0.9%, i.e. even lower than that of the 
blade mass. Laboratory to laboratory variation in these measurements was judged 
negligible [54], but it has to be noted that at that time no laboratory estimated 
measurement uncertainty for their results. 
The first and second flapwise, as well as the first edgewise natural frequencies were 
measured along with the damping ratio for 32 of the blades. The experiments revealed a 
coefficient of variation for the blades’ natural frequency from 1.1% to 2.3% [54]. Some 
laboratory to laboratory variation should also be taken into account, since the testing 
procedure and equipment was not the same for all laboratories. The damping properties 
were measured for some of the blades (23) and showed a coefficient of variation of 
13.7% for the first mode in the flap direction and 6.7% for the respective mode in the 
edge direction [54]. Since this variation is the result not only of blade to blade variation, 
but also laboratory to laboratory as well as testing conditions and analysis within each 
laboratory, the variation of the damping properties is not thought as inherent to the 
blades.  
The bending stiffness of the blades was estimated during the PROFAR experimental 
campaign through measurements of exhibited strain and load during initial static tests 
(not strength test) performed on each blade by the three laboratories.  At this point it 
should be noted that the location for the strain measurement was marked on the mould 
of the blade, leaving a permanent hairline mark on the blade, so as to eliminate strain 
gauge position differences between the laboratories. In Jørgensen and Fahmüller [54] it 
is reported that coefficient of variation of stiffness (EI) in the tensile and compressive 
side of the blade along the length of the blade (in the range 0.06R to 0.8R) varies from 
6.8% to 15.7% depending on the strain gauge position. Yet, in the report it is also noted 
that laboratory to laboratory variation is present in these figures, since if the results of 
each laboratory were treated independently a coefficient of variation below 10% would 
be seen for all measurement positions. 
Results regarding fatigue tests from the large experimental campaign in the PROFAR 
project are presented in [55] and [56], see Figure 15. The blades were designed to fail 
either in a section near the root or in the aerodynamic part of the blade. The results 
include comparisons of blade fatigue tests in both flapwise and edgewise loading, with 
fatigue tests on specimens having the same laminate as that of blades. Variation in 
results includes material uncertainty, laboratory to laboratory variation as well as blade 
to blade variation. A rigourous analysis has been performed in order to arrive at this 
rational experimental data comparison. Although most of the parameters were specified 
for these fatigue experiments, differences between testing procedures at each 
laboratory affected the results. The main differences were the strategy for updating the 
stroke in these displacement driven tests, as well as the non-linear relation between the 
actuator force and the blade bending moment at the position of interest, due to the 
large deflections exhibited. Adding laboratory to laboratory variation, on top of the blade 
to blade inherent variation, increases the scatter of the test results, as discussed in the 
next section.  
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Figure 15 Example of PROFAR results. (Blue triangles: coupon tests conducted by CRES, 
Red squares: blade tests conducted by CRES, Open circles: blade tests conducted by 
other laboratories) 
It should be noted that the above blade to blade variation analysis has been performed 
using small blades manufactured by hand lay-up. Therefore, these results presents only 
an indication for the current blades, which are of uncomparable size and are 
manufactured with more controlled methods, such as resin injection and prepreg 
technology. This technological improvement in combination with the higher quality 
monitoring methods applied today during manufacturing is expected to lead to reduction 
of blade to blade variation in the same production line.  
The difference between the results by coupon tests and those by blade tests shown in 
Figure 15 is by large attributed to the different loading control used in the two sets of 
experiments; coupon tests were performed by load control, while blade tests have been 
performed as indicated above by stroke control. For the tests in the edgewise direction 
the blade data were below the coupon results in relevant S-N graphs. This difference 
was due to initialization of crack along the bond line of the trailing edge at largest chord. 
Crack initiation period was exhibited mainly at less than 10% of the fatigue life. Further 
crack development took place in the laminate starting from the trailing edge in 
transverse direction. For tests in edgewise direction blades were regarded as collapsed 
if loss of stiffness exceeded 20%. 
In [55] blade results have been treated to account both for the different stroke updating 
strategy and the non-linear behavior between actuator force and stress/strain on the 
section. Rainflow counting method was applied and an equivalent stress load at the area 
of interest, actually at the blade failure location, was determined. Using the processed 
results the comparison between blades and coupons strongly improved, even for the 
tests in the edge direction, leading to the conclusion in [55] that coupon test data can 
serve as a reasonable accurate first impression of the blade fatigue behaviour. Figure 
16 presents the raw coupon and blade results of the PROFAR project from [55] with 
respect to the strain range on the left, while on the right the results of the analysis 
performed using equivalent stress load for the blades tested for failure in the root area 
is presented in the right [55].   
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Figure 16 Raw results with respect to strain range of PROFAR blade and coupon tests 
(left). Comparison of blades vs coupon results with respect to stress range after 
reanalysis (right) [55] 
 
3.2 Laboratory to laboratory variation 
Laboratory to laboratory variation is expected in the tests performed for blades. The 
effect of the different testing methods was the concern of a past SMT research project 
[57]. In this case 7 commercial blades were tested by 5 different laboratories. The test 
plan resembling a blade certification test plan, yet, not reaching the target test loads to 
avoid failure was common to all laboratories. However, the specific methodology for 
performing the test, taking measurements and analysing the experimental data was free 
to each participant. To facilitate comparison some common locations for application of 
strain gauges were marked on each blade by a single participant. The results obtained 
were similar to the ones discussed earlier (see section 3.1) relevant to the mass and 
centre of gravity of the blade with a coefficient of variation of about 1%. Yet, in this case 
the results for the natural frequencies were higher, ranging from 2% to 4% and up to 6% 
for the torsional mode, which was not part of the measurements in PROFAR. As noted 
earlier the differences in damping ratio estimations are large and these are mainly the 
result of significant differences in testing procedures. Using the information from the 
strain and load measurements from each participant in [57] also the sensitivity to the 
strain gauges on the flap and edge load is compared. Longitudinal, transverse and strain 
at 45o (for shear) were measured. Result show that the coefficient of variation is quite 
large. For the longitudinal strain under flap loading the coefficient of variation is on 
average 10%. Under edge loading the coefficient of variation for the longitudinal strain is 
15%. Similar is the outcome for the shear strain under flapwise loading. But the results 
under edgewise loading and those for transverse strain show that there are huge 
underlying differences.   
Reporting of measurement uncertainty was introduced later than the discussed projects 
above, as the result of adopting laboratory accreditation criteria and the relevant 
IEC 17025 standard [58], with its initial edition appearing in 1999. The standard 
requires the expression of measurement uncertainty, which should follow the 
procedures described in relevant guidelines, such as the latest ISO/IEC Guide 98-3 [59], 
first appearing in 1993. However, the testing procedures for wind turbine blades, involve 
simultaneous measurement of many parameters, with commonly agreed procedures for 
reporting uncertainty not yet available.  
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The measurement uncertainty from tests on blades is not reported publicly. Recently the 
discussion opened within the IEC Certification Advisory Committee (IEC CAC). As a 
preliminary step the results of an Interlaboratory Comparison (ILC) for Participants 
Conducting Structural Blade Tests to IEC 61400-23 performed within the frame of IEC 
CAC Test Laboratory subgroup, might shed light on this [60].   
4. Verification through testing  
The certification standard IEC 61400-22 [61] and the certification bodies require the 
verification of the blade structural design and the assessment of the suitability of 
manufacturing processes is done through full scale testing performed following IEC 
61400-23. As described in the previous section, the aim of the test is that the blade 
sustains the loading imposed during testing without damage, and in parallel to confirm 
the values that were used as input in the design phase for the blade properties. In the 
latter case, the input values mainly refer to stiffness and mass properties, which drive 
the response of the blade and in turn the loading computations performed through 
aeroelastic calculations.   
GL [4] prescribes allowed deviations between design values and experimental data: 
Deviations of at most ±7 % for the bending deflection, ±5 % for the natural frequencies 
and ±10 % for the strains are permissible as a rule. 
Usually the comparison between test results and design values is performed by the 
blade designer. Testing laboratories that perform experiments on full scale blades might 
have such information, but they are in most of the cases bound by confidentiality 
agreements. Therefore, comparisons between test and simulation data with adequate 
information provided on the details of the simulation model or scarce in the literature. In 
those cases that comparisons are published, the results are presented in graphical form, 
rarely providing detail results on differences between simulation and experiment 
(especially blind simulation results) and never presenting uncertainty in measurements. 
Usually these comparisons are provided to support investigations for failure estimations.  
Such an example is the recent reference [50], where a series of static tests leading to 
failure for a 2.5MW wind turbine blade is presented. Simulation results for deflections 
and strains in the longitudinal direction are compared against experimental data in 
graphical form. While the deflections and the strains in most locations seem to be in 
good agreement, there are no explanations provided as to the large differences 
observed in strain data on one of the measurement locations.  
On the other hand it should be noted that in comparing simulation with experimental 
results mostly through a single blade test, the inherent variability of the blade properties 
and (in turn) response, as well as the measurement uncertainty should be taken into 
account, preferably separately.  
During the recent symposium (2014) on the future of rotor blades it was discussed to 
pay additional attention to blade design detail verification through subcomponents In 
future editions of the DNV-GL guidelines.  
4.1 Validation of failure prediction 
Numerical models of wind turbine blades used for the structural design of the blade, as 
discussed in section 2 address the issue of failure initiation (onset). In other words, the 
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simulation results, in cases of static and fatigue strength refer to first ply failure. 
However, this is quite difficult to visually observe during the experiment. It is only at the 
time that the failure has progressed significantly to enable visual observation that the 
damage is noted. There are cases where large cracks go undetected, due to limitations 
in inspecting the blade’s internal structure, or because these open (and become visible) 
during loading, while are closed (and therefore not visible) while unloaded.  
During a static test (verification of strength under extreme loading) the blade is 
inspected after the unloading of the structure. Therefore, even if damages are detected 
without a monitoring method during the loading of the blade, there is no way to 
determine the exact load step of damage initiation. This is the reason also that 
monitoring of acoustic emission is suggested by IEC 61400-23 and other researchers 
(e.g. [51], [52], [62]) to enhance experimental findings.  
The missing information on failure modes when using experiments to validate theories 
was also discussed in [43]. Information on initial failure, as well as failure mode 
observed during experiments is important to assess the response predicted through 
numerical simulation. Yet, this is also connected with the maturity of the methods 
applied for the “measurement” of the failure onset during the experiment. Visual 
observation alone does not suffice.  
5. Methodology for testing subcomponents 
To achieve experimental validation of the numerical tools used for the design of wind 
turbine blades, the component, as well as the loading conditions should be as close as 
possible to the model. Areas of the component, which deviate significantly from the 
model, cannot be taken into account during comparisons.  
Testing of subcomponents is not a new introduction. There are several publications 
reporting on testing of subcomponents and blade parts. Yet, these present large 
differences as to the objectives of the testing performed. A review of such tests is 
attempted in this section. 
5.1 Beam subcomponent tests 
In the European Project UPWIND (2006-2011), beam subcomponents were numerically 
and experimentally investigated, aiming at development of a subcomponent for bondline 
testing of the shear web-flange joint in a rotor blade. The findings from all partners in 
this effort are summarised in [63]. Two sets of composite material beams were 
manufactured and distributed to several partners for 3- or 4-point bending tests. 
Recommendations resulting from the subcomponent experiments and several relevant 
references can be found in [64]. 
The work conducted within UPWIND on the beam subcomponents covers a number of 
issues discussed of significance to the work for the validation of numerical methods 
within IRPWIND. For example, on Figure 17 results on the deflection from numerical 
simulation are compared against experimental data. Numerical simulation denoted 
“FEM” in the figure was performed by CRES using information for the material as 
provided by the manufacturer of the beams and test results for the materials performed 
within the UPWIND project by WMC. Experimental data from tests performed by WMC are 
shown in the figure by continuous line denoted “exp.”.   
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Figure 17 Comparison of estimation of deflection (numerical simulation) versus 
experiment 
Similarly in Figure 18 the longitudinal and shear strain values are compared. In addition 
the experiment performed by WMC an experiment on the beam performed by CRES is 
also shown (marked on the figure with a red line). For the longitudinal strain (shown on 
the left) a good agreement between experimental data and numerical simulations is 
obtained. However for the shear strain (shown on the right) some deviation in the results 
is observed. It should be noted that the beam had a constant cross section along the 
length and for the above numerical simulation tuning on the material thickness was 
performed (i.e. the nominal thickness was used for the reinforced material). The 
measurement uncertainty in the strain measurements are in general in the order of 2%.   
  
Figure 18 Comparison of estimation of strains (numerical simulation) versus experiment 
(left axial strain, right shear strain) 
From a parallel study in [72] the deviation of the longitudinal strain on the top and 
bottom flange when compared to numerical simulation reaches 20%. However, this 
could be very well attributed to small variation in stiffness of the beam tested. In Figure 
19 the bending stiffness of the beams tested within the UPWIND project is shown, as 
estimated numerically and observed during testing. Underscore H (“_H”) refers to the 
symmetrically manufactured batch of the beams. Stochastic simulation using 
characteristic stiffness values for the material properties is denoted char. (95%), while 
the simulation using experimentally obtained mean values of the properties is denoted 
“exp.” and “exp._H”. Experimental data are taken from tests conducted by CRES and 
IWES. The lines on each bar indicate standard deviation. For both beam configurations 
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(unsymmetric and symmetric) the numerical estimation was more conservative. In all 
cases the range of the bending stiffness within one standard deviation is 5%.  
  
Figure 19 Bending stiffness probabilistically estimated and observed during testing (left 
side: unsymmetrical beams, right side: symmetric beams) 
This variation in stiffness could very well lead to differences in estimation of strain of 
20%.  
5.2 Blade section tests 
In a study done at DTU six specimens were cut from the load carrying box girder of a 
25m Vestas wind turbine blade and tested to failure under a type of 3-point bending 
(see Figure 20) [65], [66]. The purpose was to study a very simple way to simulate the 
flattening of the cross-section. Such flattening may occur in wind turbine blades due to 
the so called Brazier effect. 
The Brazier effect [67] is a geometrically non-linear effect resulting from high curvature 
when bending a slender, thin-walled structure. Because of the high curvature, the 
longitudinal compressive and tensile stresses result in transverse stresses towards the 
neutral plane of the beam. This causes flattening of the cross-section, which results in a 
reduction of the bending stiffness. The transverse stresses also introduce compressive 
stresses into the shear webs. These transverse stresses vary with the square of the 
applied load when the bending moment is proportional to the curvature as found by 
Brazier [67].  
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Figure 20 Picture sequence showing specimen deformation from unloaded to failure. 
First test series from inner part of box girder (30% length position) 
In the study at DTU two series of tests were performed. For the first series three 
specimens of different depth were cut from a position corresponding to approximately 
30% of the blade length from the root. For the second series three specimens of equal 
depth were cut from a position corresponding to approximately 60% of the blade length 
from the root. The specimens are found to be able to withstand a remarkable high 
forced displacement of approximately 10% of the specimen height. 
The core in one of the webs is failing for all six specimens and the inner skin of the web 
is also failing in some cases. The probably reason for ultimate failure was found to be 
shear fracture in the core leading to delamination and ultimate failure [65]. 
These subcomponent tests lead to a greater understanding of the importance of 
transverse strength on the ultimate failure of wind turbine blades. And that the strength 
of the quite weak webs may govern the ultimate strength of the blades. Full-scale tests 
of wind turbine blades and load-carrying girders have shown substantial damage in the 
webs after ultimate failure [68]. It is normally difficult to draw solid conclusions on the 
failure sequence. However, there are indications from the full-scale tests that the 
ultimate failure, at least in some cases, is initiated by collapse of the sandwich webs due 
to the Brazier effect [68], [69]. 
Similar subcomponent tests were performed using sections from the load carrying box 
girder of a 34m SSP Technology wind turbine blade [70]. These tests were performed 
using a similar three-point loading arrangement. The DIC technique was used for strain 
0% load 75% load 
100% load Failed 
Shear fractures 
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mapping on the sandwich webs to fully capture the evolution of strain with applied load. 
The high levels of shear also here led to shear fracture of the core, which resulted in 
collapse of the structure. 
Even though the loading of these subcomponents is very different from what they 
experience in the full wind turbine blade, the tests have shown to be of value in order to 
observe the transverse strength of the load carrying box girders when they are exposed 
to flattening from the Brazier effect. 
5.3 Trailing edge subcomponent tests 
In a national Danish project headed by DTU, three 34m SSP Technology blades were 
tested to failure by loading the blades in a 30° angle to the flapwise direction. For all 
three blades pronounced buckling waves in the trailing edge region occurred before 
failure as shown in Figure 21 
 
90% load, waves forming in the trailing edge 
 
100% load, ultimate failure   
Figure 21 34m SSP Technology blade tested to failure by loading 30° to the flapwise 
direction 
A test rig for subcomponent testing of trailing edge panels and adhesive bonds has been 
developed and constructed at DTU and a test series is under preparation. The test setup 
(see Figure 22) is designed for testing cut-outs of the same blades tested in full-scale. 
The cut-outs consist of the trailing edge panels, the shear web closest to the trailing 
edge and part of the caps. 
  
Figure 22 Test rig for subcomponent testing of trailing edge panels and adhesive bonds. 
Two subcomponent specimens from different lengthwise position are shown 
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The idea with the subcomponent tests is to mimic the compressive loading of the trailing 
edge panels and bondline, which this region is subjected to under predominantly 
edgewise loading in full-scale tests. Furthermore a minor bending moment generated by 
asymmetric loading is assumed to trigger the buckling waves in the trailing edge region 
as observed in numerical analyses and full-scale tests. 
The focus will be on the buckling induced failure mode in the trailing edge. If failure does 
not occur in the middle part of the subcomponent specimen, then further specimens can 
be modified to force failure in the middle part of the specimen. This can be done by 
introducing crack in the adhesive bond and/or strengthening the boundary region. The 
load will be introduced in the test setup via a spindle and the load history is monitored 
via load cell designed for this setup. 
The purpose of this subcomponent test setup is to check the compressive strength of 
the trailing edge region under a simplified loading. Another method is to test larger 
subcomponents with much more complicated and realistic loading along their 
boundaries. This can in principle be done by applying intelligent boundary conditions to 
the subcomponents. With the use of a detailed numerical model of the full blade the 
behavior of the subcomponent boundaries can be calculated and then applied during 
testing so that the subcomponent behaves as it was part of the full blade. Methods for 
obtaining and applying intelligent boundary conditions on larger subcomponent 
specimens are currently studied by different research groups, but we do not believe the 
technology is matured enough to be used for practical testing. 
The method to test subcomponents under a somewhat simplified loading with a specific 
failure mechanism in mind is more realistic for practical testing at the present state. 
5.4 Lessons learned 
From the benchmark study conducted within INNWIND.EU, the strain state at various 
locations of interest was reported. Figure 23 shows the result under the reference load 
at the trailing edge, leading edge, on the pressure cap side joint with the shear web and 
at the middle of the suction cap. At the joint location between the shear web and the 
pressure side skin the ratio of the longitudinal strains over shear strains ranges between 
7 and 17 along the blade length. On the trailing edge nose this ratio ranges from about 1 
to 22. At the section of the largest chord (section at 26m) the ratio is around 15 for the 
locations on the trailing edge, the leading edge and the pressure cap joint with the shear 
web. However, caution is advised to the reader, since strains and stresses reported by 
the participants in the benchmark exhibited large variation.  
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Figure 23 Longitudinal over in-plane shear strain at various locations along the 
reference blade. 
The above range covers also the strain state investigated within [71]. Having such a 
broad range of strain/stresses it is expected that not a single test will match the 
multiaxiality anticipated for the full-scale blade. It is therefore, important to validate the 
numerical tools keeping a broader view of the multiaxial cases.  
From the review conducted in the previous sections it is seen that if verification of failure 
and failure onset is sought for, it should be assured already from the design phase that 
the specimen will fail by the required failure mode at the location of interest. To achieve 
that and due to the uncertainties discussed for the estimation of failure prediction, other 
parts of the specimen should be significantly overdesigned. The latter is required to 
preclude failure outside the region of interest, because of the support or load 
introduction of the specimen. Support with structural health monitoring methods should 
be incorporated within the experimental design in order to allow “measurement” of 
failure onset in combination with loading condition during the test.  
Measurement uncertainty should be reported from the testing laboratory. The 
researcher performing the experiment has a full understanding on the deviations from 
the design of experiment and what was achieved during the testing. Compromises made 
due to test limitations, as for example the force applied as a load follower in full-scale 
blade tests instead of having a specific direction during the whole loading procedure, as 
required during design, should be reported, in order to adjust the corresponding 
numerical prediction.  
For a successful validation of simulation through testing it is important to know the 
structural details of the specimen. This includes information on material used as well as 
lamination sequence in the various locations of the test component. Thus, information 
on the manufacturing of the specimen should be shared with the simulation performing 
organization. On the other side, details of the support and loading environment are also 
important to be provided for the simulation. This information should be shared between 
the testing laboratory and the simulation organization.  
Manufacturing tolerances, as well as testing tolerances should be taken into account 
when simulation estimates are compared against testing data. Information on 
manufacturing tolerances are quite difficult to estimate and account for, but locations on 
the testing component that differences between design and final product are more 
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pronounced can be identified. These provide also locations where it is expected that 
simplifications are introduced in the simulation/design environment. Therefore, 
differences are expected between test and simulation at these locations. It is more 
appropriate to avoid measuring directly on these locations. Tolerances in testing 
configuration may be approximated through measurement uncertainty analysis. In this 
case, the testing tolerances can be directly taken into account in comparisons between 
test and simulation results.  
6. Conclusions 
Clearly the full-scale validation tests set as a prerequisite during wind turbine blade 
certification as performed ascertain that the blade will sustain the design loading with a 
prescribed level of confidence. They do not, however, provide insight on the accuracy of 
the design methodology employed especially considering strength estimations. These 
full-scale tests were easy to perform at the early stages of wind energy applications, 
some 20 years ago. The size of the blades was limited to maybe 20m and the mass of a 
single blade was below 2 tonnes. Yet, at the current state of wind energy development, 
the popular size of the wind turbines is about 4MW operating with blades of 50m in 
length and weighing 12 tonnes, with designs for 100m long blades, weighing 40 tonnes 
appearing. It becomes obvious that relying only on the design verification through testing 
in full-scale is not an option.  
According to the results of the various analysis presented in this document it is 
recommended to perform experiments for the validation of numerical analysis tools on 
subcomponents of the blade through which the subject areas with large uncertainties in 
modelling will be reduced. These include multiaxial strain predictions, predictions of 
buckling bifurcation, as well as strength estimations both under extreme and cyclic 
loading. Locations of major interest are the shear webs, as well as the trailing and 
leading edge of the blade. This was seen not only by the analysis in the frame of the 
testing standard review (section 3), but also by the variation of the results on numerical 
simulation predictions discussed in section 2.4.  
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Executive Summary (Heading 1) 
Introduction (Heading 1) 
Detailed description of SMART deliverables WP 6.1 to WP 8.3 
“The report will include the results of the review of the design methodology and the 
verification through testing of blades, combined with recommendation on the 
performance of testing in order to be used for the verification of the blade design.” 
1. Scope 
The main objective of CENER’s work is to compare the representativeness of the loads 
introduced into the blade during its certification tests in comparison with the loads 
supported by the blade during its operational life. 
This report analyses the differences of these blade loading conditions for both extreme 
and fatigue loads by means of the minimum strength ratio and maximum damage 
reached at the critical areas of the blade according to most common failure theories and 
the SN approach suggested by most extended design guidelines. 
2. Methodology 
The methodology followed in the work performed is: 
 Blade Baseline definition: Obtained from DTU report; Description of the DTU 10MW 
Reference Wind Turbine [1]. The blade model is defined both in BASSF1 and also in 
PATRAN/NASTRAN using the FE information provided by DTU in ABAQUS format. 
 Loads post-processing: Extreme and fatigue loads (provided by DTU and POLIMI 
respectively) are post-processed so that they are transformed to a common 
coordinate system that is fixed to the blade root (at 0⁰ twist angle), but that rotates 
with the blade pitch. In the case of fatigue loads an extra hypothesis is assumed in 
order to obtain numerical values that fit better with the physical behaviour of the 
blade. 
 Blade structural verification: DTU baseline is checked under extreme and fatigue 
loads using both the analytical approach and also FE calculations. These analyses 
are performed considering the loading conditions from operation and those ones 
from tests. 
 Correlation and conclusions: The differences obtained in the blade structural 
behaviour (strength ratio and damage) from operational loads and test loads are 
analysed to take conclusions that could improve the representativeness of further 
certification tests. 
  
                                                 
1 BASSF (Blade Analysis Strain Stress Failure) is the analytical tool of CENER for the 
structural pre-design of blades. It is an internally developed software based on analytical 
formulation available in the web-site for external users (http://www.cener.com/en/wind-
energy/en_signup.asp) 
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3. Blade Description – DTU Baseline 
Main objective of DTU design was to achieve a relatively light weight design. As it was 
decided to work with conventional glass fibre reinforced composites, the alternative 
option was to define airfoils with high relative thickness in order to increase the moment 
of inertia and thereby to increase the thickness. 
According to this strategy, DTU selected FFA-W3-xxx airfoils [2] with relative thickness in-
between 24.1% and 60%, using pure (up to 36%), scaled (48.0%) and interpolated airfoil 
geometries (60.0%). 
3.1 Analytical model 
3.1.1 Blade Simplification; From 101 sections to 41 sections 
The Blade model of DTU is defined using 101 cross sections. In order to speed up the 
analyses and the post-processing tasks, it is decided to reduce the number of the 
intermediate sections to 41. Selected sections are in blue colour. 
Table 1 Selection of representative sections. From 101 to 41 
nº 
Distance 
from Root 
 [m] 
Twist 
Aero 
[-] 
Chord 
[-] 
Relative 
Thickness 
 [-] 
nº 
Distance 
from Root 
 [m] 
Twist 
Aero 
[-] 
Chord 
[-] 
Relative 
Thickness 
 [-] 
1 0.000 14.500 5.380 100.0 52 43.375 3.7577 5.052 27.2 
2 0.521 14.500 5.380 100.0 53 44.193 3.5895 4.984 26.9 
3 1.502 14.500 5.380 100.0 54 45.007 3.4211 4.916 26.7 
4 1.990 14.500 5.380 100.0 55 45.818 3.2527 4.847 26.4 
5 2.950 14.500 5.380 100.0 56 46.624 3.0839 4.779 26.2 
6 3.882 14.500 5.380 100.0 57 48.222 2.7481 4.642 25.8 
7 4.784 14.500 5.380 100.0 58 49.013 2.5822 4.573 25.6 
8 5.717 14.500 5.382 99.5 59 49.798 2.4172 4.505 25.4 
9 6.691 14.4967 5.397 98.4 60 50.576 2.2538 4.438 25.3 
10 7.194 14.4846 5.412 97.5 61 51.349 2.0927 4.371 25.1 
11 8.232 14.4285 5.454 95.2 62 52.114 1.9340 4.305 25.0 
12 9.313 14.3030 5.514 92.0 63 52.871 1.7771 4.240 24.9 
13 9.869 14.2003 5.549 90.2 64 53.622 1.6229 4.175 24.8 
14 11.014 13.9123 5.630 86.0 65 55.098 1.3241 4.049 24.6 
15 11.602 13.7110 5.674 83.7 66 55.824 1.1795 3.987 24.5 
16 12.810 13.2070 5.769 78.6 67 56.541 1.0381 3.926 24.4 
17 13.430 12.8903 5.818 75.9 68 57.248 0.9002 3.866 24.4 
18 14.061 12.5412 5.867 73.2 69 58.636 0.6357 3.749 24.3 
19 15.352 11.7435 5.963 67.5 70 59.316 0.5087 3.692 24.2 
20 16.013 11.3037 6.007 64.7 71 59.986 0.3852 3.637 24.2 
21 16.684 10.8677 6.049 61.9 72 60.646 0.2655 3.582 24.2 
22 17.364 10.4132 6.086 59.1 73 61.936 0.0366 3.476 24.1 
23 18.754 9.5538 6.146 54.0 74 62.566 -0.0727 3.425 24.1 
24 19.463 9.2002 6.168 51.7 75 63.185 -0.1785 3.375 24.1 
25 20.180 8.8745 6.185 49.5 76 64.391 -0.3799 3.279 24.1 
26 20.907 8.5768 6.197 47.6 77 64.979 -0.4756 3.232 24.1 
27 22.384 8.0597 6.206 44.2 78 66.122 -0.6579 3.142 24.1 
28 23.135 7.8311 6.204 42.7 79 66.677 -0.7448 3.099 24.1 
29 23.894 7.6180 6.196 41.4 80 67.756 -0.9097 3.016 24.1 
30 24.659 7.4187 6.184 40.2 81 68.792 -1.0646 2.938 24.1 
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nº 
Distance 
from Root 
 [m] 
Twist 
Aero 
[-] 
Chord 
[-] 
Relative 
Thickness 
 [-] 
nº 
Distance 
from Root 
 [m] 
Twist 
Aero 
[-] 
Chord 
[-] 
Relative 
Thickness 
 [-] 
31 25.432 7.2326 6.168 39.1 82 69.294 -1.1389 2.900 24.1 
32 26.211 7.0554 6.147 38.1 83 70.267 -1.2807 2.828 24.1 
33 26.997 6.8831 6.122 37.2 84 71.198 -1.4146 2.760 24.1 
34 27.788 6.7176 6.093 36.3 85 72.088 -1.5418 2.696 24.1 
35 28.585 6.5575 6.060 35.5 86 72.938 -1.6623 2.635 24.1 
36 30.193 6.2394 5.984 34.0 87 73.748 -1.7767 2.578 24.1 
37 31.004 6.0797 5.941 33.4 88 74.520 -1.8858 2.524 24.1 
38 31.819 5.9217 5.895 32.8 89 75.609 -2.0391 2.450 24.1 
39 32.637 5.7672 5.846 32.2 90 76.617 -2.1816 2.380 24.1 
40 33.458 5.6180 5.794 31.7 91 77.247 -2.2709 2.336 24.1 
41 34.282 5.4728 5.741 31.2 92 78.130 -2.3961 2.272 24.1 
42 35.107 5.3282 5.685 30.7 93 78.945 -2.5115 2.209 24.1 
43 35.934 5.1810 5.627 30.3 94 79.930 -2.6502 2.125 24.1 
44 36.763 5.0325 5.568 29.9 95 80.810 -2.7716 2.042 24.1 
45 37.592 4.8831 5.507 29.5 96 81.593 -2.8772 1.961 24.1 
46 38.421 4.7312 5.445 29.1 97 82.450 -2.9889 1.863 24.1 
47 39.250 4.5754 5.382 28.7 98 83.322 -3.0966 1.744 24.1 
48 40.078 4.4159 5.318 28.4 99 84.260 -3.2047 1.579 24.1 
49 40.906 4.2538 5.253 28.1 100 85.069 -3.2934 1.385 24.1 
50 41.731 4.0899 5.186 27.8 101 85.944 -3.3991 1.027 24.1 
51 42.554 3.9248 5.119 27.5 
 
The selection of previous sections is defined so that the distance among two 
consecutive sections is 1.0-2.0m. From maximum chord till the blade tip this distance is 
increased to ~2.5m. 
There are three more sections that are selected due to the following reasons: 
 Section 24: Third web stars at this position 
 Section 27: Maximum chord 
 Section 55: Critical section according the structural results performed for InnWind.eu 
project – Structural Benchmarking 
3.1.2 Blade mechanical properties 
Although the definition of the blade is reduced to more than half (from 101 cross 
sections to 41), its representativeness is fully respected. As it is shown in Table 2, the 
differences in the overall mass properties and centre of gravity are negligible. 
 
Table 2 Mass & center of gravity differences 
Blade definition by 101 sections 
Overall mass of the blade (Kg) 41643Kg 
Location of centre of gravity from hub centre (z axis) z: 28.638 
Blade definition by 41 sections 
Overall mass of the blade (Kg) 41600Kg 
Location of centre of gravity from hub centre (z axis) z: 28.636 
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The mechanical properties of DTU baseline blade for these new 41 sections, and 
according to the analyses performed with BASSF, are the following: 
Table 3 Distribution of DTU blade mechanical properties  
Section 
ID 
Distance 
from Root 
[m] 
Mass/unit 
length 
[Kg/m] 
Flapwise 
Stiffness 
[Nm2] 
Edgewise 
Stiffness 
[Nm2] 
Torsional 
Rigidity 
[Nm2] 
Centre of 
mass 
[%] 
Elastic 
axis [-] 
1 0.000 1203.33 6.276E+10 6.163E+10 2.731E+10 50.06 50.07 
2 1.502 1203.53 6.277E+10 6.169E+10 2.731E+10 50.08 50.09 
3 2.950 1208.21 6.332E+10 6.181E+10 2.729E+10 50.13 50.14 
4 4.784 1205.56 6.259E+10 6.076E+10 2.625E+10 50.45 50.36 
5 6.691 1152.64 5.721E+10 5.663E+10 2.321E+10 50.47 50.24 
6 8.232 1093.24 5.106E+10 5.171E+10 2.011E+10 50.40 50.08 
7 9.869 1026.22 4.267E+10 4.567E+10 1.568E+10 49.32 48.84 
8 11.602 962.13 3.410E+10 4.059E+10 1.153E+10 48.28 47.60 
9 13.430 907.40 2.661E+10 3.714E+10 8.246E+09 47.09 46.17 
10 15.352 855.96 2.031E+10 3.360E+10 5.776E+09 45.60 44.50 
11 16.684 809.74 1.684E+10 3.117E+10 4.378E+09 45.08 43.69 
12 18.754 755.97 1.356E+10 2.874E+10 3.280E+09 44.20 42.54 
13 19.463 734.31 1.259E+10 2.764E+10 3.066E+09 44.19 42.26 
14 20.180 713.30 1.172E+10 2.655E+10 2.746E+09 43.93 41.92 
15 22.384 664.79 9.547E+09 2.418E+10 2.105E+09 43.00 40.67 
16 23.894 627.96 8.341E+09 2.198E+10 1.702E+09 42.21 39.68 
17 26.211 586.25 6.923E+09 1.949E+10 1.294E+09 41.32 38.46 
18 28.585 565.04 5.853E+09 1.767E+10 1.063E+09 40.65 37.65 
19 31.004 541.63 4.931E+09 1.604E+10 8.934E+08 40.49 37.21 
20 33.458 519.39 4.167E+09 1.412E+10 7.390E+08 39.98 36.58 
21 35.934 492.46 3.506E+09 1.253E+10 6.192E+08 39.64 36.32 
22 38.421 468.42 2.924E+09 1.084E+10 5.104E+08 39.37 36.02 
23 40.906 443.04 2.424E+09 9.388E+09 4.206E+08 39.44 35.96 
24 43.375 418.58 2.008E+09 8.079E+09 3.516E+08 39.54 35.84 
25 45.818 388.56 1.653E+09 6.792E+09 2.853E+08 39.22 35.64 
26 48.222 366.86 1.376E+09 5.775E+09 2.396E+08 39.14 35.51 
27 50.576 339.68 1.138E+09 4.863E+09 1.956E+08 38.93 35.42 
28 52.871 314.75 9.484E+08 4.086E+09 1.652E+08 38.82 35.39 
29 55.098 291.85 7.972E+08 3.400E+09 1.385E+08 38.51 35.22 
30 57.248 268.63 6.645E+08 2.858E+09 1.166E+08 38.52 35.38 
31 59.316 251.43 5.612E+08 2.395E+09 1.001E+08 38.55 35.33 
32 61.936 224.25 4.461E+08 1.893E+09 8.108E+07 38.56 35.39 
33 64.391 199.14 3.540E+08 1.492E+09 6.654E+07 38.69 35.63 
34 66.677 176.88 2.776E+08 1.184E+09 5.405E+07 38.97 35.83 
35 69.294 152.43 2.084E+08 8.976E+08 4.292E+07 38.97 36.05 
36 72.088 129.79 1.503E+08 6.605E+08 3.359E+07 39.69 36.52 
37 74.520 107.38 1.076E+08 4.947E+08 2.595E+07 40.34 37.24 
38 77.247 86.60 7.178E+07 3.462E+08 1.988E+07 40.95 38.08 
39 79.930 66.85 4.293E+07 2.256E+08 1.379E+07 42.04 39.12 
40 82.450 46.28 2.081E+07 1.320E+08 8.552E+06 44.20 41.27 
41 85.944 16.48 1.165E+06 1.546E+07 8.537E+05 48.81 47.97 
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3.2 FE model by 2D shell elements 
3.2.1 FE model description 
The FE model of the blade defined by DTU is imported in MSC.PATRAN. As the 
information regarding the element properties is lost in the communication between 
ABAQUS and MSC.PATRAN, it is necessary to renumber the elements under a logical 
codification in order to assign every PCOMP entry with the matching groups of elements. 
Analogous to the FE model based on 1D beam elements the blade root is fixed using a 
RBE2 rigid link. 
 
Figure 1 FE model defined by DTU in ABAQUS and imported to PATRAN/NASTRAN 
3.2.2 Load introduction 
The introduction of loads into the FE model is done by the definition of RBE3 equations 
(NASTRAN format). These multi-point-equations transfer the forces & moments at the 
master node (located at the blade pitch axis) into the slave nodes of the airfoil section by 
the use of equivalent forces. 
For a better understanding of the blade loads physic supported by the blade, it is 
recommended to obtain the loads calculated by the aero-elastic code in a coordinate 
system fixed to the blade root but rotating with the pitch. 
 
This coordinate system is analogous to the 
“Blade Coordinate System” defined by GL 
but rotating with the pitch. 
 
Origin: At the intersection between the 
blade pitch axis and the root plane 
ZB: From blade root to blade tip 
YB: From blade leading edge to trailing 
edge at plane of twist angle = 0º 
XB: So that XB, YB, ZB rotate clockwise 
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4. Extreme Loads 
4.1 Design loads 
The extreme loads provided by DTU are computed using the aero-elastic code HAWC2 at 
27 cross sections along the blade. Forces and moments are defined at the elastic centre 
of these cross sections with reference to a coordinate system aligned with its elastic 
axis. 
 The x-axis is aligned with the first elastic axis and points towards the leading edge of 
the blade. 
 The y-axis is aligned with the second elastic axis and points towards the suction side 
of the blade. 
At each cross section, both the extreme magnitudes for each load component (FX, FY, 
Fres, FZ, MX, MY, Mres, MZ) and also the simultaneous load components are defined. 
This information is adequate when the blade design is checked according to analytical 
approaches where the cross sections are calculated independently. However, in the case 
of working with FE models, it is necessary to have the loading information of all the 
extreme load-cases at every section of the blade occurring simultaneously. In addition, 
the definition of the certification tests assume that these load envelopes are defined 
along the blade flapwise and blade edgewise directions that fit with the coordinate 
system described in section 3.2.2  
According to these assumptions, the aero-elastic analyses for the DTU 10MW Reference 
Wind Turbine are repeated by CENER using the BLADED model defined by Garrad 
Hassan. Information post-processed is the following: 
 Load components at a common coordinate system fixed to the blade root but 
rotating with the pitch. 
 Information for the maximum loads at every section with the loads components 
occurring simultaneously at all the cross sections. 
These extreme loads are defined at 25 cross sections. The total number of cases is 400 
(25 x 16). However, many of them are redundant, so, after a deeper check these load 
cases are reduced to 84 
In Annex A, the extreme loads for every cross section of the blade are shown in different 
tables. The simultaneous values for all the other sections are calculated but not printed. 
These loads are introduced directly when working with the analytical approach (BASSF). 
However, when the blade structural check is done using the FE model, these loads are 
uncoupled according to the following criterion: 
 𝐹𝑥𝑖−1 =  𝐹𝑥𝑖 + 𝑓𝑥𝑖−1 
 𝐹𝑦𝑖−1 =  𝐹𝑦𝑖 + 𝑓𝑦𝑖−1 
 𝐹𝑧𝑖−1 =  𝐹𝑧𝑖 + 𝑓𝑧𝑖−1 
 𝑀𝑥𝑖−1 =  𝑀𝑥𝑖 − 𝐹𝑦𝑖 . (𝑧𝑖 − 𝑧𝑖−1) − 𝑓𝑦𝑖 . (𝑧𝑖 − 𝑧𝑖−1) 2⁄    
 𝑀𝑦𝑖−1 =  𝑀𝑦𝑖 + 𝐹𝑥𝑖. (𝑧𝑖 − 𝑧𝑖−1) + 𝑓𝑥𝑖 . (𝑧𝑖 − 𝑧𝑖−1) 2⁄    
 𝑀𝑧𝑖−1 =  𝑀𝑧𝑖 + 𝑚𝑧𝑖−1 
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This approach is valid when the FE loads are introduced at intermediate sections located 
in the middle point in-between those sections where the aero-elastic code calculates the 
accumulated loads.  
 
Figure 2 Criterion used for loads uncoupling 
4.2 Test loads 
4.2.1 Limitations of the Test-Rig & common procedure 
The mechanical tests used for blade certification depend on the designer strategy and 
the agreements reached with the certification body. 
These tests are directly influenced by the limitations of the blade testing facilities. In 
particular, for the static case, one of the main restrictions is the limitation of loading the 
blade only along one plane. 
There are other limitations not considered as; maximum available load with the pullers, 
blade maximum deflections and also foundation capacity. Figure 3 shows the test-rig 
used in CENER for blade certification 
 
Figure 3 Test-rig used for blade certification (static tests) 
According to these main limitations, it is common to test the blade along four main 
directions: 
 Flapwise – Positive: Pressure to Suction (PTS) 
 Flapwise – Negative: Suction to Pressure (STP) 
 Edgewise – Positive: Trailing to Leading (TTL) 
 Edgewise – Negative: Leading to Trailing (LTT) 
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These tests are required by most of the standards. If the certification of the blade is 
performed under GL-2010 [4], it is satisfactory to perform only these static tests for the 
structural assessment. In case of certifying the blade according to DNV-2002 [5], it is 
necessary to perform also the fatigue tests. 
Near future guideline versions will probably require the execution of both static & fatigue 
tests. For instance, a new update of IEC-61400-23 [3] has been delivered in April 2014, 
requiring: 
 Static Tests 
 Fatigue Tests 
 Post-Fatigue static tests 
4.2.2 Test Design 
The design of the tests is done so that the location of the clamps is fixed for all of the 
tests. This assumption reduces the manpower necessary for the setting up of the tests 
along the four main directions described above. 
Additionally, according to the blade length (86.3m) and the bending moment values 
reached at the blade root (~60.000kNm), it is decided to work with 7 clamps. This 
configuration implies reasonable shear forces, comparable with those ones supported 
by the blade under operation. For edgewise negative test, only 5 pullers are used. 
4.2.2.1 Test Factor 
According to the standard, the load level applied during the tests is scaled by the 
following factors: 
𝐹𝑡𝑎𝑟𝑔𝑒𝑡−𝑢 =  𝐹𝑑𝑢 . 𝛾𝑛𝑢. 𝛾𝑠𝑢 
 𝛾𝑛𝑢: Partial factor for consequence of failure. It is assumed to be 1.0, considering 
that a periodic maintenance is carried on during the blade operational life and that 
the consequences of an unexpected failure do not imply the destruction of the wind 
turbine or the endangering of people. 
Table 4 Consequence of failure according to GL2010 [4] 
Inspection and accessibility 
Component failure 
results in destruction of 
wind turbine or 
endangers people 
Component failure 
results in wind turbine 
failure or consequential 
damage 
Component 
failure results in 
interruption of 
operation 
Periodic monitoring and 
maintenance; good accessibility 
1.15 1.00 1.00 
Periodic monitoring and 
maintenance; poor accessibility 
1.25 1.15 1.00 
 𝛾𝑠𝑢: Test load factor for blade to blade variation. It is assumed to be 1.1 as it is 
recommended in the guideline 
Last version of the standard includes an environmental factor, due to the benign 
conditions of the test facilities in comparison with the operational ones. The work 
performed does not consider this factor. Considering all these effects, the load level 
applied for full blade testing is scaled by a 10%. 
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4.2.2.2 Flapwise – Positive (PTS) 
Table 5 show the loads applied at every puller. For all the configurations, the deviations 
between the target loads and the test ones are not of significance. 
Table 5 Position of the pullers & load levels (PTS) 
 
Distance 
from root 
[m] 
Applied 
Forces 
[kN] 
PULLER 01 30.0 391,77 
PULLER 02 44.0 152,71 
PULLER 03 56.0 197,82 
PULLER 04 64.0 114,02 
PULLER 05 70.0 83,77 
PULLER 06 76.0 114,16 
PULLER 07 82.0 136,08 
 
 
Table 6 Deviation between target loads and test loads (PTS) 
 
TARGET LOADS TEST LOADS 
 Distance from root [m] FX [kN] MY [kN] FX [kN] MY [kN] MY – deviation [%] 
0.000 1282,82 63167,5 1190,3 62545,8 -0,98% 
2.015 1279,2 60578,1 1190,3 60147,3 -0,71% 
5.470 1270,6 56164,9 1190,3 56034,8 -0,23% 
8.348 1260,8 52518,4 1190,3 52609,0 0,17% 
10.634 1250,9 49650,7 1190,3 49887,9 0,48% 
12.377 1242,1 47482,6 1190,3 47813,2 0,70% 
14.091 1232,7 45370,6 1190,3 45773,0 0,89% 
15.833 1221,8 43253,1 1190,3 43699,5 1,03% 
17.559 1209,6 41169,7 1190,3 41645,0 1,15% 
21.016 1165,8 37148,1 1190,3 37530,0 1,03% 
24.470 1106,7 33324,5 1190,3 33418,6 0,28% 
27.926 1042,8 29687,9 1190,3 29304,9 -1,29% 
31.381 999,9 26309,8 798,6 25733,4 -2,19% 
33.109 977,4 24688,4 798,6 24353,4 -1,36% 
34.836 954,5 23112,1 798,6 22974,3 -0,60% 
38.292 891,7 20156,4 798,6 20214,5 0,29% 
43.477 810,2 16089,7 798,6 16074,0 -0,10% 
48.806 727,0 12353,0 645,8 12552,4 1,61% 
55.721 611,2 8171,2 645,8 8086,4 -1,04% 
62.554 452,7 4971,1 448,0 4969,8 -0,03% 
69.564 329,7 2466,9 334,0 2463,5 -0,14% 
74.699 227,4 1142,2 250,2 1142,0 -0,02% 
81.647 77,2 147,6 136,1 48,0 -67,46% 
83.382 43,0 49,2 0,0 0,0 -100,00% 
85.165 10,7 4,6 0,0 0,0 -100,00% 
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4.2.2.3 Flapwise – Negative (STP) 
Table 7 Position of the pullers & load levels (STP) 
 
Distance 
from root 
[m] 
Applied 
Forces 
[kN] 
PULLER 01 30,0 -185,06 
PULLER 02 44,0 -175,65 
PULLER 03 56,0 -138,35 
PULLER 04 64,0 -109,06 
PULLER 05 70,0 -67,14 
PULLER 06 76,0 -78,89 
PULLER 07 82,0 -82,92 
 
 
Table 8 Deviation between target loads and test loads (STP) 
 
TARGET LOADS TEST LOADS 
 Distance from root [m] FX [kN] MY [kN] FX [kN] MY [kN] MY – deviation [%] 
0.000 -885,5 -45654,4 -837,1 -45502,9 -0,33% 
2.015 -880,3 -43897,7 -837,1 -43816,2 -0,19% 
5.470 -873,4 -40925,5 -837,1 -40924,1 0,00% 
8.348 -871,1 -38479,1 -837,1 -38515,0 0,09% 
10.634 -872,9 -36544,2 -837,1 -36601,5 0,16% 
12.377 -866,9 -35079,0 -837,1 -35142,4 0,18% 
14.091 -872,1 -33642,4 -837,1 -33707,7 0,19% 
15.833 -878,1 -32166,2 -837,1 -32249,5 0,26% 
17.559 -882,0 -30713,1 -837,1 -30804,7 0,30% 
21.016 -885,1 -27805,8 -837,1 -27911,0 0,38% 
24.470 -860,5 -24974,4 -837,1 -25019,7 0,18% 
27.926 -843,4 -22258,5 -837,1 -22126,8 -0,59% 
31.381 -808,4 -19665,8 -652,0 -19490,3 -0,89% 
33.109 -795,3 -18416,2 -652,0 -18363,6 -0,29% 
34.836 -781,0 -17199,6 -652,0 -17237,6 0,22% 
38.292 -739,5 -14894,0 -652,0 -14984,2 0,61% 
43.477 -674,7 -11742,5 -652,0 -11603,5 -1,18% 
48.806 -606,4 -8853,6 -476,4 -8973,1 1,35% 
55.721 -497,5 -5735,2 -476,4 -5679,1 -0,98% 
62.554 -382,8 -3331,8 -338,0 -3330,9 -0,03% 
69.564 -256,9 -1571,6 -229,0 -1568,3 -0,21% 
74.699 -167,2 -710,9 -161,8 -708,1 -0,40% 
81.647 -52,9 -91,1 -82,9 -29,3 -67,86% 
83.382 -29,2 -29,9 0,0 0,0 -100,00% 
85.165 -6,9 -2,8 0,0 0,0 -100,00% 
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4.2.2.4 Edgewise – Positive (TTL) 
Table 9 Position of the pullers & load levels (TTL) 
 
Distance 
from root 
[m] 
Applied 
Forces 
[kN] 
PULLER 01 30,0 -311,49 
PULLER 02 44,0 -28,37 
PULLER 03 56,0 -112,57 
PULLER 04 64,0 -40,61 
PULLER 05 70,0 -34,41 
PULLER 06 76,0 -33,70 
PULLER 07 82,0 -31,39 
 
 
 
Table 10 Deviation between target loads and test loads (TTL) 
 
TARGET LOADS TEST LOADS 
 Distance from root [m] FY [kN] MX [kN] FY [kN] MX [kN] MX – deviation [%] 
0.000 -843,37 28241,4 -592,5 27040,0 -4,25% 
2.015 -814,44 26571,6 -592,5 25846,0 -2,73% 
5.470 -763,95 23851,3 -592,5 23798,8 -0,22% 
8.348 -721,6 21721,7 -592,5 22093,4 1,71% 
10.634 -616 20137,7 -592,5 20738,9 2,99% 
12.377 -602,91 19078,4 -592,5 19706,1 3,29% 
14.091 -590,04 18059,8 -592,5 18690,5 3,49% 
15.833 -576,4 17047,8 -592,5 17658,3 3,58% 
17.559 -562,87 16067,7 -592,5 16635,5 3,53% 
21.016 -503,91 14272,5 -592,5 14587,1 2,20% 
24.470 -477,4 12582,9 -592,5 12540,5 -0,34% 
27.926 -439,12 11000 -592,5 10492,6 -4,61% 
31.381 -407,77 9543,16 -281,1 8875,6 -7,00% 
33.109 -391,6 8856,32 -281,1 8389,9 -5,27% 
34.836 -374,99 8198,3 -281,1 7904,5 -3,58% 
38.292 -342,1 6968,17 -281,1 6933,2 -0,50% 
43.477 -293,92 5334,67 -281,1 5476,0 2,65% 
48.806 -246,84 3910,5 -252,7 4114,6 5,22% 
55.721 -184,58 2445,3 -252,7 2367,3 -3,19% 
62.554 -133,32 1380,06 -140,1 1378,5 -0,11% 
69.564 -86,46 622,93 -99,5 622,3 -0,11% 
74.699 -50,93 271,04 -65,1 273,0 0,73% 
81.647 -17,16 37,73 -31,4 11,1 -70,63% 
83.382 -9,537 13,64 0,0 0,0 -100,00% 
85.165 -2,915 1,881 0,0 0,0 -100,00% 
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4.2.2.5 Edgewise – Negative (LTT) 
Table 11 Position of the pullers & load levels (LTT) 
 
Distance 
from root 
[m] 
Applied 
Forces 
[kN] 
PULLER 01 30,0 275,06 
PULLER 02 44,0 0,00 
PULLER 03 56,0 116,09 
PULLER 04 64,0 0,00 
PULLER 05 70,0 17,28 
PULLER 06 76,0 36,72 
PULLER 07 82,0 33,27 
 
 
 
Table 12 Deviation between target loads and test loads (LTT) 
 
TARGET LOADS TEST LOADS 
 Distance from root [m] FY [kN] MX [kN] FY [kN] MX [kN] MX – deviation [%] 
0.000 739,3 -22679,8 478,4 -21481,0 -5,29% 
2.015 706,3 -21224,5 478,4 -20517,0 -3,33% 
5.470 648,9 -18891,4 478,4 -18864,1 -0,14% 
8.348 604,7 -17098,4 478,4 -17487,2 2,27% 
10.634 574,3 -15760,8 478,4 -16393,6 4,01% 
12.377 477,5 -14907,2 478,4 -15559,7 4,38% 
14.091 461,0 -14113,0 478,4 -14739,7 4,44% 
15.833 445,9 -13334,2 478,4 -13906,3 4,29% 
17.559 431,6 -12590,6 478,4 -13080,5 3,89% 
21.016 403,8 -11182,6 478,4 -11426,7 2,18% 
24.470 381,2 -9871,6 478,4 -9774,2 -0,99% 
27.926 361,7 -8636,3 478,4 -8120,8 -5,97% 
31.381 340,1 -7475,3 203,4 -6847,7 -8,39% 
33.109 328,6 -6924,1 203,4 -6496,3 -6,18% 
34.836 316,5 -6393,2 203,4 -6145,1 -3,88% 
38.292 272,5 -5458,2 203,4 -5442,3 -0,29% 
43.477 237,5 -4210,4 203,4 -4387,9 4,22% 
48.806 201,5 -3111,5 203,4 -3304,3 6,20% 
55.721 109,1 -1994,1 203,4 -1898,1 -4,82% 
62.554 106,7 -1296,7 87,3 -1269,4 -2,11% 
69.564 86,0 -647,8 87,3 -657,6 1,52% 
74.699 59,4 -289,9 70,0 -290,7 0,29% 
81.647 18,6 -34,5 33,3 -11,7 -66,00% 
83.382 10,1 -12,0 0,0 0,0 -100,00% 
85.165 3,3 -1,7 0,0 0,0 -100,00% 
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5. Structural behaviour of the Blade under extreme loads 
The extreme load carrying capacity analysis of the blade (strength analysis) is calculated 
using both the analytical approach with BASSF and also the FE method. The objective is 
to compare the minimum strength ratios obtained when the blade is loaded under the 
design conditions (section 4.1) and when it is loaded under the test conditions (section 
4.2) 
Blade design is checked with the analytical tool (BASSF) and also using the FE model. 
Following failure criteria are used: 
 Hill  
 Hoffman  
 Tsai-Wu  
 Max-Strain 
Puck criterion is also checked with the analytical approach for the UD plies. However, as 
this criterion is not implemented yet into the FE model, it is decided not to focus the 
work on these values to be able to extract general conclusions for both approaches. 
Additionally, as the failure indexes obtained in the balsa are not representative for the 
blade design (also the application of these failure criteria for this material is 
questionable), its material properties have been doubled to mask their value. 
The elastic properties and allowable used for the strength analysis are defined in [1] and 
summarized in Table 13 and Table 14. For the strength analysis, the admissible values of 
Table 14 are reduced by 2.205 according to GL guideline [4] 
Table 13 Elastic properties of the blade materials 
Material 
ID 
Material 
Name 
Ply Thickness 
[mm] 
Density 
[Kgm3] 
E1 [MPa] E2 [MPa] G12 [MPa] µ12 [-] 
1 CORE PVC 5.00 110.0 50.0 50.0 16.7 0.500 
2 UD 0.10 1915.5 41630.0 14930.0 5047.0 0.241 
3 BIAX 0.10 1845.0 13920.0 13920.0 11500.0 0.533 
4 TRIAX 0.10 1845.0 21790.0 14670.0 9413.0 0.478 
Table 14 Material limits. Characteristic values without applying the reduction factor. 
Material 
ID 
Material 
Name 
ε11_COMP [-] ε22_COMP [-] γ12 [-] ε11_TRACC [-] ε22_TRACC [-] 
1 CORE PVC ---- ---- ---- ---- ---- 
2 UD 1.50E-02 1.27E-02 1.12E-02 2.10E-02 4.94E-03 
3 BIAX 1.50E-02 1.50E-02 1.22E-02 1.60E-02 1.60E-02 
4 TRIAX 1.80E-02 1.04E-02 1.21E-02 2.20E-02 6.15E-03 
Material 
ID 
Material 
Name 
σ11_COMP [-] σ 22_COMP [-] ζ12 [-] σ 11_TRACC [-] σ 22_TRACC [-] 
1 CORE PVC ---- ---- ---- ---- ---- 
2 UD 624.0 188.95 56.4 874.15 73.9 
3 BIAX 208.77 208.77 140.0 222.68 222.68 
4 TRIAX 392.5 152.4 113.8 479.32 90.2 
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5.1 Results from the analytical approach (BASSF) 
5.1.1 Minimum strength ratio for design extreme loads 
Table 15 Minimum strength ratio for the baseline blade under the design load cases 
Section Strength ratio – Design Load Cases 
nº 
Distance 
from root 
[m] 
Hill 
[-] 
Hoffman 
[-] 
Tsai-Wu 
[-] 
Max-Strain 
[-] 
Puck – FF 
[-] 
Puck – IFF 
[-] 
1 0.000 1,635 1,669 2,070 2,698 5,673 2,113 
2 1.502 1,688 1,723 2,136 2,791 5,867 2,179 
3 2.950 1,764 1,800 2,231 2,919 6,138 2,274 
4 4.784 1,849 1,887 2,339 3,052 6,416 2,378 
5 6.691 1,846 1,884 2,334 3,021 6,351 2,373 
6 8.232 1,796 1,833 2,270 2,922 6,144 2,305 
7 9.869 1,686 1,720 2,130 2,675 5,625 2,034 
8 11.602 1,561 1,592 1,969 2,392 5,030 2,241 
9 13.430 1,442 1,458 1,745 2,120 4,456 1,496 
10 15.352 1,275 1,286 1,527 1,852 3,894 1,269 
11 16.684 1,164 1,171 1,381 1,681 3,534 1,120 
12 18.754 1,069 1,072 1,252 1,559 3,277 0,984 
13 19.463 1,039 1,041 1,210 1,522 3,198 0,942 
14 20.180 1,015 1,015 1,176 1,497 3,145 0,906 
15 22.384 0,956 0,954 1,095 1,449 3,044 0,827 
16 23.894 0,911 0,907 1,032 1,413 2,967 0,763 
17 26.211 0,865 0,859 0,968 1,384 2,909 0,809 
18 28.585 0,844 0,837 0,938 1,316 2,896 0,782 
19 31.004 0,830 0,821 0,917 1,267 2,882 0,766 
20 33.458 0,815 0,806 0,895 1,212 2,882 0,745 
21 35.934 0,802 0,792 0,877 1,169 2,879 0,728 
22 38.421 0,789 0,778 0,858 1,129 2,870 0,707 
23 40.906 0,772 0,761 0,837 1,085 2,851 0,688 
24 43.375 0,783 0,772 0,851 1,072 2,865 0,701 
25 45.818 0,767 0,755 0,829 1,013 2,831 0,681 
26 48.222 0,774 0,762 0,831 0,993 2,853 0,684 
27 50.576 0,763 0,751 0,811 0,954 2,845 0,672 
28 52.871 0,774 0,761 0,809 0,943 2,875 0,663 
29 55.098 0,793 0,783 0,819 0,948 2,962 0,660 
30 57.248 0,796 0,788 0,820 0,946 2,995 0,653 
31 59.316 0,809 0,801 0,838 0,960 3,064 0,667 
32 61.936 0,841 0,832 0,871 0,989 3,181 0,675 
33 64.391 0,870 0,861 0,900 1,021 3,257 1,084 
34 66.677 0,892 0,883 0,919 1,054 3,334 1,085 
35 69.294 0,977 0,966 0,996 1,147 3,654 1,135 
36 72.088 1,075 1,064 1,096 1,269 4,002 1,194 
37 74.520 1,237 1,223 1,237 1,424 4,682 1,286 
38 77.247 1,407 1,396 1,460 1,739 5,157 1,364 
39 79.930 1,811 1,799 1,866 2,227 6,715 1,564 
40 82.450 2,542 2,541 2,541 2,541 45,296 2,098 
41 85.994 ------ ------ ------ ------ ------ ------ 
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Figure 4 Evolution of minimum strength ratio along the blade span for design loads 
S27 (50.576m from blade root) is the limiting blade section under the design extreme 
loads defined. Following results are obtained at this section: 
 Hill and Hoffman are the most limiting criteria with minimum strength ratios of 0.763 
and 0.751 respectively. Failure of TRIAX material, located at the leading panel of the 
airfoil pressure side, is predicted. 
 Tsai-Wu criterion provides a minimum strength ratio of 0.811, approximately ~7% 
higher than previous values from Hill & Hoffman. The limiting material is also TRIAX 
 Max-Strain criterion identifies BIAX material located at the leading edge web as the 
most limiting. Minimum strength ratio is 0.954 
5.1.2 Minimum strength ratio for test extreme loads 
Table 16 Minimum strength ratio for the baseline blade under the test load cases 
Section Strength ratio – Test Load Cases 
nº 
Distance 
from root 
[m] 
Hill 
[-] 
Hoffman 
[-] 
Tsai-Wu 
[-] 
Max-Strain 
[-] 
Puck – FF 
[-] 
Puck – IFF 
[-] 
1 0.000 1,663 1,701 2,125 2,542 5,345 2,303 
2 1.502 1,711 1,750 2,186 2,615 5,499 2,369 
3 2.950 1,784 1,825 2,280 2,729 5,737 2,471 
4 4.784 1,863 1,905 2,380 2,853 5,998 2,580 
5 6.691 1,854 1,896 2,369 2,844 5,979 2,566 
6 8.232 1,812 1,854 2,315 2,787 5,861 2,488 
7 9.869 1,683 1,721 2,150 2,641 5,553 2,308 
8 11.602 1,538 1,573 1,963 2,436 5,123 2,241 
9 13.430 1,396 1,427 1,780 2,217 4,661 1,855 
10 15.352 1,249 1,275 1,580 1,959 4,119 1,613 
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Section Strength ratio – Test Load Cases 
nº 
Distance 
from root 
[m] 
Hill 
[-] 
Hoffman 
[-] 
Tsai-Wu 
[-] 
Max-Strain 
[-] 
Puck – FF 
[-] 
Puck – IFF 
[-] 
11 16.684 1,147 1,170 1,440 1,776 3,734 1,461 
12 18.754 1,064 1,084 1,318 1,631 3,429 1,313 
13 19.463 1,039 1,058 1,278 1,588 3,337 1,272 
14 20.180 1,019 1,038 1,245 1,556 3,270 1,237 
15 22.384 0,973 0,990 1,174 1,486 3,122 1,147 
16 23.894 0,945 0,960 1,131 1,442 3,032 1,086 
17 26.211 0,919 0,932 1,087 1,406 2,955 1,202 
18 28.585 0,907 0,927 1,093 1,403 2,949 1,227 
19 31.004 0,895 0,915 1,141 1,392 2,927 1,228 
20 33.458 0,876 0,895 1,116 1,367 2,875 1,202 
21 35.934 0,857 0,876 1,092 1,341 2,819 1,175 
22 38.421 0,841 0,859 1,070 1,315 2,765 1,152 
23 40.906 0,828 0,846 1,050 1,293 2,720 1,132 
24 43.375 0,824 0,842 1,029 1,285 2,702 1,122 
25 45.818 0,807 0,824 1,016 1,255 2,638 1,099 
26 48.222 0,804 0,821 1,023 1,248 2,624 1,096 
27 50.576 0,801 0,819 1,009 1,242 2,611 1,090 
28 52.871 0,813 0,831 0,988 1,259 2,647 1,091 
29 55.098 0,845 0,863 0,981 1,306 2,745 1,106 
30 57.248 0,853 0,871 0,985 1,315 2,766 1,109 
31 59.316 0,868 0,887 1,013 1,336 2,810 1,130 
32 61.936 0,902 0,922 1,067 1,385 2,913 1,172 
33 64.391 0,926 0,946 1,096 1,418 2,982 1,191 
34 66.677 0,949 0,970 1,102 1,452 3,052 1,198 
35 69.294 1,041 1,064 1,170 1,591 3,344 1,262 
36 72.088 1,142 1,166 1,241 1,685 3,662 1,323 
37 74.520 1,333 1,349 1,349 1,750 4,277 1,420 
38 77.247 1,510 1,501 1,501 1,919 4,944 1,492 
39 79.930 1,789 1,773 1,773 2,007 7,569 1,648 
40 82.450 ------ ------ ------ ------ ------ ------ 
41 85.994 ------ ------ ------ ------ ------ ------ 
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Figure 5 Evolution of minimum strength ratio along the blade span for test loads 
S27 (50.576m from blade root) is also the limiting blade section under the test extreme 
loads. Following results are obtained at this section: 
 Hill and Hoffman are the most limiting criteria with minimum strength ratios of 0.801 
and 0.819 respectively for the PTS test. Failure of TRIAX material, located at the 
trailing panel of the airfoil pressure side, is predicted. 
 Tsai-Wu criterion provides a minimum strength ratio of 1.009, approximately 26-23% 
higher than previous values from Hill & Hoffman also for PTS test. The limiting 
material is also TRIAX 
 Max-Strain criterion identifies UD material located at the spar-cap of the suction side 
as the most limiting. Minimum strength ratio is 1.242 for the PTS test 
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5.1.3 Comparison; Design versus Test 
To make the conclusions more evident, Table 17 shows the strength ratios for only Hill 
and Hoffman criteria. These failure theories are the most restrictive for this exercise.  
Table 17 Comparison of minimum strength ratio (design loads versus tests) 
  
Distance 
from root 
[m] 
Strength ratio (Hill) Strength ratio (Hoffman) 
Design Test Deviation Design Test Deviation 
[-] [-] [%] [-] [-] [%] 
S01 0 1,635 1,663 1,71% 1,669 1,701 1,92% 
S02 1,5 1,688 1,711 1,36% 1,723 1,750 1,57% 
S03 2,95 1,764 1,784 1,13% 1,800 1,825 1,39% 
S04 4,78 1,849 1,863 0,76% 1,887 1,905 0,95% 
S05 6,69 1,846 1,854 0,43% 1,884 1,896 0,64% 
S06 8,23 1,796 1,812 0,89% 1,833 1,854 1,15% 
S07 9,87 1,686 1,683 -0,18% 1,720 1,721 0,06% 
S08 11,6 1,561 1,538 -1,47% 1,592 1,573 -1,19% 
S09 13,43 1,442 1,396 -3,19% 1,458 1,427 -2,13% 
S10 15,35 1,275 1,249 -2,04% 1,286 1,275 -0,86% 
S11 16,68 1,164 1,147 -1,46% 1,171 1,170 -0,09% 
S12 18,75 1,069 1,064 -0,47% 1,072 1,084 1,12% 
S13 19,46 1,039 1,039 0,00% 1,041 1,058 1,63% 
S14 20,18 1,015 1,019 0,39% 1,015 1,038 2,27% 
S15 22,38 0,956 0,973 1,78% 0,954 0,990 3,77% 
S16 23,89 0,911 0,945 3,73% 0,907 0,960 5,84% 
S17 26,21 0,865 0,919 6,24% 0,859 0,932 8,50% 
S18 28,58 0,844 0,907 7,46% 0,837 0,927 10,75% 
S19 31,00 0,830 0,895 7,83% 0,821 0,915 11,45% 
S20 33,46 0,815 0,876 7,48% 0,806 0,895 11,04% 
S21 35,93 0,802 0,857 6,86% 0,792 0,876 10,61% 
S22 38,42 0,789 0,841 6,59% 0,778 0,859 10,41% 
S23 40,91 0,772 0,828 7,25% 0,761 0,846 11,17% 
S24 43,38 0,783 0,824 5,24% 0,772 0,842 9,07% 
S25 45,82 0,767 0,807 5,22% 0,755 0,824 9,14% 
S26 48,22 0,774 0,804 3,88% 0,762 0,821 7,74% 
S27 50,58 0,763 0,801 4,98% 0,751 0,819 9,05% 
S28 52,87 0,774 0,813 5,04% 0,761 0,831 9,20% 
S29 55,1 0,793 0,845 6,56% 0,783 0,863 10,22% 
S30 57,25 0,796 0,853 7,16% 0,788 0,871 10,53% 
S31 59,32 0,809 0,868 7,29% 0,801 0,887 10,74% 
S32 61,94 0,841 0,902 7,25% 0,832 0,922 10,82% 
S33 64,39 0,870 0,926 6,44% 0,861 0,946 9,87% 
S34 66,68 0,892 0,949 6,39% 0,883 0,970 9,85% 
S35 69,29 0,977 1,041 6,55% 0,966 1,064 10,14% 
S36 72,09 1,075 1,142 6,23% 1,064 1,166 9,59% 
S37 74,52 1,237 1,333 7,76% 1,223 1,349 10,30% 
S38 77,25 1,407 1,510 7,32% 1,396 1,501 7,52% 
S39 79,93 1,811 1,789 -1,21% 1,799 1,773 -1,45% 
S40 82,45 3,029 ------   2,998 ------   
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Figure 6 Comparison of minimum strength ratios; design versus tests 
From the results shown in Table 17, following conclusions are obtained 
 For the blade, certification tests are in general more benign than extreme operational 
loads considering that, at most of the sections, minimum strength ratio obtained for 
the tests are higher than that one from the design loads. 
 For the critical sections (from S15 to S35), the maximum deviation between tests 
and design is located at S19 with deviation of 7.83% for Hill criterion and 11,45% for 
Hoffman 
 At the most critical section (S27), the deviation is 4.98% for Hill and 9.05% for 
Hoffman 
 In addition, the locations of the first ply failure change. For the design loads, Hill and 
Hoffman predict failure initiation of the TRIAX layers at the leading panel of the airfoil 
pressure side. However, under test loads, this critical area is moved to the trailing 
panel. 
 
5.2 Results from the FE model 
The strength analyses are also performed using the FE model defined by DTU (see 
section 3.2). The structural behaviour of the blade is checked for both the design loads 
and also for the test loads, working in an analogous way as it is done with the analytical 
approach (BASSF). 
5.2.1 Minimum strength ratio for design extreme loads 
The structural analyses are performed for the 84 load cases described in section 4.1. 
Table 18 shows those critical load cases (37) with minimum strength ratios lower than 
1.0. 
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According to the results obtained, the baseline blade could fail under these 37 extreme 
loading conditions   
Table 18 Maximum Failure Indexes & Minimum strength ratios for the design loads 
 Load Case 
ID 
Load Case 
Name 
Maximum Failure 
Index 
Minimum Strength 
ratio  Critical area 
  
Hill 
[-] 
Hoffman 
[-] 
Hill 
[-] 
Hoffman 
[-] 
 26 dlc62j_h_1_1 2.653 2.340 0.614 0.654 Leading Panel - Suction 
31 dlc62a_h_1_1 2.644 2.323 0.615 0.656 Leading Panel - Suction 
24 dlc13bb1 2.523 2.184 0.630 0.677 Leading Panel - Suction 
27 dlc13bb1 2.523 2.180 0.630 0.677 Leading Panel - Suction 
9 dlc13bb1 2.520 2.181 0.630 0.677 Leading Panel - Suction 
30 dlc13bb1 2.505 2.158 0.632 0.681 Leading Panel - Suction 
38 dlc13bb1 2.472 2.131 0.636 0.685 Leading Panel - Suction 
42 dlc13bb1 2.443 2.116 0.640 0.687 Leading Panel - Suction 
50 dlc13bb1 2.434 2.112 0.641 0.688 Leading Panel - Suction 
57 dlc11e1 2.382 2.047 0.648 0.699 Leading Panel - Suction 
49 dlc21ba 2.381 2.080 0.648 0.693 Leading Panel - Suction 
29 dlc21aa 2.325 2.004 0.656 0.706 Leading Panel - Suction 
41 dlc21aa 2.325 2.004 0.656 0.706 Leading Panel - Suction 
84 dlc11f1 2.313 2.050 0.658 0.698 Leading Panel - Suction 
7 dlc21aa 2.295 1.998 0.660 0.707 Leading Panel - Suction 
81 dlc21aa 2.165 1.841 0.680 0.737 Leading Panel - Suction 
1 dlc13ab1 2.030 1.693 0.702 0.769 Leading Panel - Suction 
76 dlc13cb1 1.856 1.582 0.734 0.795 Leading Panel - Suction 
60 dlc13bb1 1.803 1.478 0.745 0.823 Leading Panel - Suction 
72 dlc21ba 1.693 0.862 0.769 1.077 Leading Panel - Suction 
64 dlc23ba_3 1.631 1.354 0.783 0.859 Leading Panel - Suction 
78 dlc13cb1 1.618 1.364 0.786 0.856 Leading Panel - Suction 
39 dlc14cb 1.536 0.871 0.807 1.071 Leading Panel - Pressure 
43 dlc14cb 1.533 0.864 0.808 1.076 Leading Panel - Pressure 
55 dlc14cb 1.523 0.857 0.810 1.080 Leading Panel - Pressure 
32 dlc14cb 1.518 0.868 0.812 1.073 Leading Panel - Pressure 
63 dlc14cb 1.503 0.840 0.816 1.091 Leading Panel - Pressure 
28 dlc14cb 1.486 0.857 0.820 1.080 Leading Panel - Pressure 
68 dlc14cb 1.472 0.818 0.824 1.106 Leading Panel - Pressure 
20 dlc14cb 1.448 0.845 0.831 1.088 Leading Panel - Pressure 
10 dlc14cb 1.397 0.828 0.846 1.099 Leading Panel - Pressure 
33 dlc14cb 1.333 0.804 0.866 1.115 Leading Panel - Pressure 
2 dlc14cb 1.270 0.779 0.888 1.133 Leading Panel - Pressure 
61 dlc23ba_2 1.206 0.893 0.911 1.058 Leading Panel - Suction 
13 dlc14cb 1.201 0.748 0.912 1.156 Leading Panel - Pressure 
74 dlc14bb 1.138 0.897 0.937 1.056 Leading Panel - Suction 
69 dlc14bb 1.064 0.820 0.969 1.104 Leading Panel - Suction 
 
Most critical area of the blade is located at the leading edge panel at 23.5m from blade 
root. However, the area of the leading panels working under strength ratios lower than 
1.0 goes over a total span from ~13m to ~71m 
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Following pictures show the minimum strength ratios obtained at every point of the 
blade considering the 84 design load cases. As it can be observed, the leading panel of 
airfoil suction side is the most critical. In any case, trailing panel neither satisfies the 
structural requirements. In addition, small areas of the airfoil pressure side also works 
under strength ratios slightly lower than 1.0 
 
Figure 7 Minimum strength ratio (HILL theory) for the design cases – Suction side 
 
Figure 8 Minimum strength ratio (HILL theory) for the design cases – Pressure side 
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5.2.2 Minimum strength ratio for test extreme loads 
The structural analyses are performed for the load tests defined in section 4.2.2. 
Following results are obtained: 
Table 19 Maximum Failure Index & Minimum strength ratio for the tests 
Test Maximum Failure Index Minimum Strength ratio Critical area 
 
Hill [-] Hoffman [-] Hill [-] Hoffman [-] 
 PTS 2,251 1,721 0,667 0,762 Leading Panel - Suction 
STP 1,270 1,092 0,887 0,957 Leading Panel - Pressure 
TTL 0,471 0,402 1,457 1,577 Leading Edge 
LTT 0,409 0,301 1,564 1,823 Trailing Edge 
 
Depending on the test, the location of the critical area changes significantly. For 
Flapwise tests, there are significant areas of the blade with a strength ratio lower than 
1.0, while for the Edgewise Tests there are not any blade areas arising a strength ratio 
around 1.0, but greater than 1.45. 
  
Figure 9 Minimum strength ratios (HILL theory) for the PTS & STP tests 
  
Figure 10 Minimum strength ratios (HILL theory) for the TTL & LTT tests 
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5.2.3 Comparison; Design versus Test 
The limitation of the tests, with puller forces acting in one unique plane makes the blade 
work in a “general” more benign environment in comparison with the operational 
loading, although there are some hints to consider. 
Table 20 Comparison of minimum strength ratios (design loads versus tests) 
Critical Area 
Minimum Strength Ratio 
Design Loads 
Minimum Strength Ratio 
Test Loads 
Load Case 
Name 
Hill 
[-] 
Test 
Name 
Hill 
[-] 
Leading Panel - Suction dlc62j_h_1_1 0.614 PTS 0.667 
Leading Panel - Pressure dlc14cb 0.807 STP 0.887 
 
  
As it is shown in Table 20, and for the case studied, the comparison between the design 
loads and the test provides always same tendencies: 
 For the leading panel at suction side of the blade, the tests are ~8% more benign 
than the design loads 
 For the leading panel at pressure side of the blade, the tests are also ~9.5% more 
benign than the design loads 
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6. Fatigue Loads 
6.1 Design loads 
Fatigue loads are provided by POLIMI using the reference wind turbine defined by DTU 
with the same control parameters but without pre-bending. The time series are given for 
ten sections along the blade. 
6.1.1 Coordinate system assumption 
A simplified statistical post-processing is performed considering that these time series 
are given with reference to coordinate systems rotating with the rotor, with the pitch 
angle, and that also fit with the local chord coordinate systems of the blade airfoils (as it 
is stated in [6]). Based on this assumption, the times series are transformed firstly to a 
common coordinate system with twist angle = 0 (see section 3.2.2). Afterwards, RMS 
(root mean square), maximum and minimum values for each load components (FX, FY, 
FZ, MX, MY, MZ) are obtained. Table 21 and Figure 11 show the values obtained for RMS 
according to the load case dlc11_3a. 
Table 21 RMS values for each load component – Load Case dlc11_3a 
RMS Values for each load component – Load Case dlc11_3a 
Distance 
from root [m] 
FX [kN] FY [kN] FZ [kN] MX [kNm] MY [kNm] MZ [kNm] 
0,00 102,83 289,77 548,91 7571,83 4458,75 50,73 
8,64 156,04 177,76 491,63 4594,19 4502,79 51,09 
17,27 88,57 163,34 426,73 3663,29 2946,40 49,83 
25,91 72,61 123,47 360,22 2442,07 2238,82 44,26 
34,55 61,99 90,02 290,79 1545,51 1661,19 36,45 
43,18 52,30 62,15 219,23 895,43 1171,54 28,02 
51,82 42,88 39,32 151,63 463,68 763,17 19,58 
60,46 33,23 22,39 92,78 201,71 437,48 12,50 
69,09 22,97 10,42 46,18 64,73 196,29 6,69 
77,73 11,77 3,11 14,61 10,01 47,25 2,37 
 
Figure 11 Shear forces and bending moments for dlc11_3a – RMS values 
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From the experience with other aero-elastic analyses, it is not easy to understand the 
results obtained at the two first sections located close to the root. This non-logical 
behavior is repeated for the rest of the load cases and also for maximum and minimum 
values. 
From a deeper analysis is assumed that POLIMI time series are given with reference to 
coordinate systems rotating with the rotor, with the pitch angle, and that also fit with the 
principal axis of the structural coordinate systems defined by DTU (no with the local ones 
of the chord). Considering this assumption, the loads obtained converge into an 
expected physical behaviour of the blade. 
Table 22 RMS values for each load component – Updated values – Load Case dlc11_3a 
RMS Values for each load component – Load Case dlc11_3a 
Distance 
from root [m] 
FX [kN] FY [kN] FZ [kN] MX [kNm] MY [kNm] MZ [kNm] 
0,00 102,83 289,77 548,91 7571,83 4458,75 50,73 
8,64 93,68 217,19 491,63 5247,11 3721,50 51,09 
17,27 81,26 167,10 426,73 3724,49 2868,65 49,83 
25,91 71,25 124,26 360,22 2454,50 2225,18 44,26 
34,55 61,54 90,33 290,79 1549,04 1657,90 36,45 
43,18 52,20 62,23 219,23 895,96 1171,14 28,02 
51,82 42,87 39,33 151,63 463,45 763,31 19,58 
60,46 33,24 22,37 92,78 201,46 437,60 12,50 
69,09 22,98 10,40 46,18 64,60 196,34 6,69 
77,73 11,77 3,09 14,61 9,99 47,26 2,37 
 
Figure 12 Updated shear forces and bending moments for dlc11_3a – RMS values 
According to the results obtained, all the work presented below, and related with fatigue 
issues, is done considering this last assumption for POLIMI’s coordinate system. 
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6.1.2 Loads update for fatigue analysis 
POLIMI fatigue loads are modified to adequate the information for the input 
requirements of the analysis methods: 
 Analytical approach: Fatigue loads are interpolated to those 41sections where the 
blade is defined (see section 3.1) 
 FE model: The introduction of loads is defined at 10 points using RBE3 equations, 
but at intermediate sections located in the middle point in-between those sections 
where the aero-elastic code provides these time series. The uncoupling of these 
loads is done according to the criterion of section 4.1 but for all of the time steps. 
6.2 Test loads 
6.2.1 Equivalent loads 
Test loads reproduce the equivalent damage as that one induced from the time series 
when they are applied for 2.0e6 cycles. The methodology used to obtain these loads is 
based on the following steps: 
1.) Peak and valley extraction 
2.) Rain-flow counting according to ASTM E1049-85 
3.) Markov matrix definition (64x64 bins) 
4.) Equivalent load definition based on SN-approach, Miner’s rule and m slope = 10 
Table 23 shows the equivalent loads (amplitude) that should be introduced in the blade 
during 2.0e6cycles to generate equal damage as that one from the time series  
 Table 23 Equivalent loads for 2.0e6 cycles 
Equivalent LOADS for 2.0e6 cycles 
Distance 
from root [m] 
FX [kN] FY [kN] FZ [kN] MX [kNm] MY [kNm] MZ [kNm] 
0.00 372.52 618.63 725.12 16591.00 17889.00 280.51 
8.64 363.73 466.58 602.90 11582.00 15371.00 257.01 
17.27 339.93 365.01 492.62 8385.90 12000.00 240.85 
25.91 315.55 274.37 397.04 5641.10 9361.00 197.62 
34.55 278.89 202.45 307.49 3652.70 6939.80 143.58 
43.18 233.67 142.84 225.42 2193.40 4852.10 97.94 
51.82 186.27 93.94 151.01 1196.60 3143.00 62.10 
60.46 140.32 56.94 90.08 561.97 1809.50 39.67 
69.09 96.20 29.35 43.94 202.77 799.08 23.53 
77.73 47.38 10.58 13.61 38.45 187.10 10.01 
6.2.2 Fatigue tests description 
According to GL-Guideline [4], fatigue tests are only mandatory in the following 
situations: 
 When blade design is different from the state of the art 
 When damages are revealed during operation 
 When exceptional deformation behaviour is observed under operational loads (e.g. 
strong deformation of the blade cross section) 
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As it is stated in section 4.2.1, since April 2014, a new update of IEC-61400-23 [3] was 
delivered. This standard requires fatigue test execution. 
Considering CENER experience, it is common to perform fatigue tests according to the 
following sequence: 
 1st fatigue test: Flapwise direction during 2.0e6 - 3.0e6 cycles 
 2nd fatigue test: Edgewise direction during 2.0e6 – 5.0e6 cycles 
Recently, it is observed a trend to perform coupled fatigue tests that combine Flapwise 
and Edgewise moments. These tests are significantly more complex than the traditional 
ones due to the nature of the loading devices’ controllers and also due to the added 
complexity associated to tests definition and results interpretation. 
The analyses performed in this report are focused only on the conventional tests where 
the fatigue loads are applied according to an uncoupled way. Table 24 and Table 25 
detail the amplitude of the loads introduced during Flapwise and Edgewise tests. 
Table 24 Loads of Flapwise test for 2.0e6 cycles 
Distance 
from root [m] 
FX [kN] MY [kNm] 
0.00 372.52 17889.00 
8.64 363.73 15371.00 
17.27 339.93 12000.00 
25.91 315.55 9361.00 
34.55 278.89 6939.80 
43.18 233.67 4852.10 
51.82 186.27 3143.00 
60.46 140.32 1809.50 
69.09 96.20 799.08 
77.73 47.38 187.10 
Table 25 Loads of Edgewise test for 2.0e6 cycles 
Distance 
from root [m] 
FY [kN] MX [kNm] 
0.00 618.63 16591.00 
8.64 466.58 11582.00 
17.27 365.01 8385.90 
25.91 274.37 5641.10 
34.55 202.45 3652.70 
43.18 142.84 2193.40 
51.82 93.94 1196.60 
60.46 56.94 561.97 
69.09 29.35 202.77 
77.73 10.58 38.45 
 
Target bending moment envelopes are achieved with the introduction of sinusoidal 
forces into the blade and with the addition of dead-weights at different span-wise 
sections. For load introduction, either oscillating-mass actuators or actuators fixed to the 
ground can be used. 
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In order to reduce the energy for the tests, these sinusoidal loads are applied at a 
frequency coincident with the first natural frequency of the test set-up. This value 
depends on the blade to be tested and also on the dead masses added. 
Both the location and magnitude of these dead-weights and also the values of the 
oscillating forces are defined by the test laboratory according to their capabilities. 
Figure 13 shows the installations of CENER fatigue test rig. Besides the MTS oscillating 
masses of the picture, an additional actuator fixed to the ground has been recently 
acquired with a maximum load range of 200kN (±100kN). 
 
Figure 13 Test-rig used for blade certification (fatigue tests) 
6.2.3 Test Factor 
According to the standard, the equivalent loads applied during the tests should be 
scaled by the following factors: 
𝐹𝑡𝑎𝑟𝑔𝑒𝑡−𝑓 =  𝐹𝑑𝑓 . 𝛾𝑛𝑓. 𝛾𝑠𝑓. 𝛾𝑒𝑓 
 𝛾𝑛𝑓: Partial factor for consequence of failure. It is assumed to be 1.0 (see section 
4.2.2.1) 
 𝛾𝑠𝑓: Test load factor for blade to blade variation. It is assumed to be 1.1 
 𝛾𝑒𝑓: Test load factor for errors in fatigue formulation. This number depends on the 
number of cycles of the fatigue tests. It is assumed to be 1.05 for reference. 
As it happens for the static tests, last version of the standard includes an environmental 
factor, due to the benign conditions of the test facilities in comparison with the 
operational ones. The work performed does not consider this factor. 
Considering this recommendation of IEC-61400-23 [3] equivalent fatigue loads from 
Table 24 and Table 25 are multiplied by 1.155 
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7. Structural behaviour of the Blade under fatigue loads 
As it is done in section 5, blade fatigue analysis is performed using both the analytical 
approach with BASSF and also the FE method. The objective of this task is to compare 
maximum damage values obtained when the blade is loaded under the design 
conditions (section 5.1) and when it is loaded under the test conditions (section 5.2) 
using the results from both methods. However, as it is explained in section 7.2, the 
results obtained from the FE model are not reliable enough to extract robust 
conclusions, so, only the results from BASSF are used for this purpose. 
The mathematical approach used for damage estimation is based on the SN method 
defined in GL-Guideline [4]. This method is focused on proportional stress states where 
the absolute maximum principal values are aligned with the blade pitch axis direction 
(0°). Following formula represents the cyclic behaviour of every ply of the blade lay-up: 
𝑁 = [
𝑅𝑘,𝑡 + |𝑅𝑘,𝑐| − |2. 𝛾𝑀𝑎. 𝑆𝑘,𝑀 − 𝑅𝑘,𝑡 + |𝑅𝑘,𝑐||
2. (𝛾𝑀𝑏 −⁄ ). 𝑆𝑘,𝐴
]
𝑚
 𝑤ℎ𝑒𝑟𝑒; 
𝑆𝑘,𝑀 = Mean value of the characteristic actions 
𝑆𝑘,𝐴 = Amplitude of the characteristic actions 
𝑅𝑘,𝑡 = Characteristic short-term structural member resistance for tension 
𝑅𝑘,𝑐 = Characteristic short-term structural member resistance for tension 
𝑚 = Slope parameter m of the S/N curve 
𝑁 = Permissible load cycle number 
𝛾𝑀𝑎 = Partial safety factor for the material – short term strength 
𝛾𝑀𝑏 = Partial safety factor for the material – fatigue strength 
 
𝑆𝑘,𝑀, 𝑆𝑘,𝐴, 𝑅𝑘,𝑡 𝑎𝑛𝑑 𝑅𝑘,𝑐 could be expressed in terms of stresses or strains although it is 
not trivial and it should be treated with caution. In addition, the equivalent stress 
component used for damage should be discussed in detail for further life predictions. 
In this report, following assumptions are considered: 
 Analytical approach (BASSF): Based on stresses. Equivalent stress value = σaxial 
 FE model: Based on strains. Equivalent strain value = εaxial 
The fatigue behaviour of UD, BIAX and TRIAX plies are checked. Balsa is not considered 
in these analyses. 
Table 26 Characteristic stress values for fatigue analysis – analytical approach 
Material 
ID 
Material 
Name 
RKT [MPa] RKC [MPa] γMb [-] mslope [-] 
1 CORE PVC ---- ---- ---- ---- 
2 UD 874.15 624.0 1.485 10 
3 BIAX 222.68 208.77 1.6335 10 
4 TRIAX 479.32 392.5 1.6335 10 
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Table 27 Characteristic strain values for fatigue analysis – analytical approach 
Material 
ID 
Material 
Name 
RKT [µε] RKC [µε] γMb [-] mslope [-] 
1 CORE PVC ---- ---- ---- ---- 
2 UD 20998 14999 1.485 10 
3 BIAX 15997 14998 1.6335 10 
4 TRIAX 21997 17997 1.6335 10 
 
7.1 Results from the analytical approach (BASSF) 
7.1.1 Maximum damage for design fatigue loads 
Table 28 Maximum damage for the blade under the design load cases 
Section Maximum Damage – Design Load Cases 
nº 
Distance 
from root 
[m] 
UD mat 
[-] 
BIAX mat 
[-] 
TRIAX mat 
[-] 
1 0.000 < 1.0e-5 0.0065 < 1.0e-5 
2 1.502 < 1.0e-5 0.0046 < 1.0e-5 
3 2.950 < 1.0e-5 0.0030 < 1.0e-5 
4 4.784 < 1.0e-5 0.0018 < 1.0e-5 
5 6.691 < 1.0e-5 0.0020 < 1.0e-5 
6 8.232 < 1.0e-5 0.0031 < 1.0e-5 
7 9.869 < 1.0e-5 0.0073 < 1.0e-5 
8 11.602 < 1.0e-5 0.0220 < 1.0e-5 
9 13.430 < 1.0e-5 0.0692 < 1.0e-5 
10 15.352 0.0001 0.2737 0.0001 
11 16.684 0.0001 0.7973 0.0003 
12 18.754 0.0002 2.0958 0.0006 
13 19.463 0.0003 3.0109 0.0007 
14 20.180 0.0004 4.1681 0.0009 
15 22.384 0.0006 7.6464 0.0013 
16 23.894 0.0009 10.9294 0.0018 
17 26.211 0.0016 13.5745 0.0025 
18 28.585 0.0023 11.2322 0.0033 
19 31.004 0.0032 8.8577 0.0043 
20 33.458 0.0038 6.6589 0.0048 
21 35.934 0.0044 6.0075 0.0054 
22 38.421 0.0051 6.1750 0.0063 
23 40.906 0.0057 5.4771 0.0072 
24 43.375 0.0059 4.6724 0.0075 
25 45.818 0.0069 5.2275 0.0090 
26 48.222 0.0068 3.9534 0.0090 
27 50.576 0.0069 3.2933 0.0091 
28 52.871 0.0067 2.6474 0.0090 
29 55.098 0.0068 2.1107 0.0086 
30 57.248 0.0067 1.6836 0.0084 
31 59.316 0.0053 0.9687 0.0064 
32 61.936 0.0044 0.6065 0.0053 
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Section Maximum Damage – Design Load Cases 
nº 
Distance 
from root 
[m] 
UD mat 
[-] 
BIAX mat 
[-] 
TRIAX mat 
[-] 
33 64.391 0.0039 0.4421 0.0046 
34 66.677 0.0024 0.2766 0.0034 
35 69.294 0.0013 0.0783 0.0014 
36 72.088 0.0009 0.0524 0.0010 
37 74.520 0.0004 0.0217 0.0005 
38 77.247 < 1.0e-5 0.0008 < 1.0e-5 
39 79.930 < 1.0e-5 0.0005 < 1.0e-5 
40 82.450 < 1.0e-5 0.0014 < 1.0e-5 
41 85.994 < 1.0e-5 0.0002 < 1.0e-5 
 
 
Figure 14 Evolution of damage at UD, TRIAX and BIAX plies – design loads 
According to the results detailed in Table 28 and Figure 14, following remarks are defined: 
 Accumulated damage at UD and TRIAX plies increases progressively from root to 
section 27 (50.576m) and then it decreases till the blade tip. Its maximum value 
goes up to 0.0069 for UD plies to 0.0091 for TRIAX plies.   
 Accumulated damage at BIAX plies is maximum at section 17 (26.211m) with a 
value of 13.57. The critical point is located at the shear-web of the leading edge with 
a BIAX lay-up total thickness of ≈8mm. 
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7.1.2 Maximum damage for test fatigue loads 
In order to verify the structural behaviour of the blade, both Flapwise and Edgewise tests 
should be performed to introduce the equivalent damage as that one due to design 
loads (see section 6.2.2). As it is stated in section 6.2.3, a test load factor of 1.155 is 
applied to the equivalent loads defined in section 6.2.1 
The analyses executed confirm that Edgewise test does not introduce any significant 
damage (<1.0e-5). 
Maximum damage values of Table 29 are caused under Flapwise test. 
Table 29 Maximum damage for the blade under fatigue test (FLAPWISE) 
Section Maximum Damage – TEST Load Case (FLAPWISE) 
nº 
Distance 
from root 
[m] 
UD mat 
[-] 
BIAX mat 
[-] 
TRIAX mat 
[-] 
1 0.000 < 1.0e-5 0.0008 < 1.0e-5 
2 1.502 < 1.0e-5 0.0006 < 1.0e-5 
3 2.950 < 1.0e-5 0.0005 < 1.0e-5 
4 4.784 < 1.0e-5 0.0003 < 1.0e-5 
5 6.691 < 1.0e-5 0.0003 < 1.0e-5 
6 8.232 < 1.0e-5 0.0004 < 1.0e-5 
7 9.869 < 1.0e-5 0.0008 0.0001 
8 11.602 < 1.0e-5 0.0016 0.0001 
9 13.430 < 1.0e-5 0.0038 0.0003 
10 15.352 0.0002 0.0111 0.0007 
11 16.684 0.0009 0.0261 0.0016 
12 18.754 0.0018 0.0582 0.0032 
13 19.463 0.0023 0.0769 0.0039 
14 20.180 0.0026 0.0991 0.0047 
15 22.384 0.0055 0.1641 0.0070 
16 23.894 0.0080 0.2156 0.0093 
17 26.211 0.0121 0.2674 0.0127 
18 28.585 0.0168 0.2522 0.0160 
19 31.004 0.0218 0.2342 0.0196 
20 33.458 0.0254 0.2068 0.0211 
21 35.934 0.0282 0.2124 0.0230 
22 38.421 0.0333 0.2372 0.0265 
23 40.906 0.0357 0.2416 0.0290 
24 43.375 0.0368 0.2548 0.0291 
25 45.818 0.0419 0.2912 0.0349 
26 48.222 0.0435 0.3339 0.0349 
27 50.576 0.0429 0.3346 0.0341 
28 52.871 0.0385 0.3138 0.0321 
29 55.098 0.0372 0.2905 0.0308 
30 57.248 0.0358 0.2731 0.0301 
31 59.316 0.0271 0.1961 0.0229 
32 61.936 0.0216 0.1465 0.0183 
33 64.391 0.0188 0.1177 0.0158 
34 66.677 0.0137 0.0850 0.0117 
35 69.294 0.0051 0.0315 0.0045 
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Section Maximum Damage – TEST Load Case (FLAPWISE) 
nº 
Distance 
from root 
[m] 
UD mat 
[-] 
BIAX mat 
[-] 
TRIAX mat 
[-] 
36 72.088 0.0036 0.0225 0.0033 
37 74.520 0.0017 0.0110 0.0016 
38 77.247 0.0001 0.0006 0.0001 
39 79.930 < 1.0e-5 0.0004 < 1.0e-5 
40 82.450 < 1.0e-5 0.0003 < 1.0e-5 
41 85.994 < 1.0e-5 0.0001 < 1.0e-5 
 
 
Figure 15 Evolution of damage at UD, TRIAX and BIAX plies – FLAPWISE test loads 
According to the results detailed in Table 29 and Figure 15 following remarks are defined: 
 Accumulated damage at UD and TRIAX plies increases progressively from root to 
section 26-27 (48.222m - 50.576m) and then it decreases till the blade tip. In this 
case, its maximum value does goes up to 0.0435 for UD plies or 0.0349 for TRIAX 
plies.   
 Accumulated damage at BIAX plies is maximum at section 27 (50.576m) with a 
value of 0.346 located at the shear-web of the trailing edge with a BIAX lay-up total 
thickness of ≈9mm. At section 17 (26.211m) and located at the shear-web of the 
leading edge the accumulated damage goes up to 0.2674 
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7.1.3 Comparison; Design versus Test 
Before comparing the results from sections 7.1.1 and 7.1.2, it is important to remark 
two main restrictions of the tests that influence directly on the accumulated damage 
introduced to the blade. 
 Uncoupled loading: In operational conditions, the rotor blade is working under a 
multi-axial spectrum of loads since, in the tests, this loading condition is uniaxial. 
 Mean effect: Due to the restrictions of the testing facilities, it is not possible to 
consider properly the mean values of the loading time series. When using mass-
oscillating masses, mean loads are conditioned by gravitational effects. The 
hydraulic actuator can minimize this effect but, in any of the cases, it is not possible 
to match with those values from operation. 
These limitations affect directly to the estimation of damage. Material curves proposed 
by GL are extremely influenced by the mean values of the stresses. In addition, the 
logarithmic approach of the material behaviour deals into significant differences in 
damage when the input stresses are slightly modified. 
From the results shown in Table 28 and Table 29, following statements are concluded: 
 UD & TRIAX plies: Flapwise test loads introduce higher damage than that one from 
design loads, considering its value and progression along the span-wise locations of 
the blade. The reason of this result is affected by the test factor considered (1.155). 
In both cases, obtained damage values are lower than 1.0. As a consequence, it is 
expected that the blade life could go over 25 years. 
 BIAX plies: Damage differences obtained from design and Flapwise tests are quite 
significant. Main reason of this mismatch is caused by the no consideration of the 
mean effects from axial loading and Flapwise moments. During operation, the 
existence of cycles with high mean values makes the material working near to the 
limits, causing a significant damage that leads to damage values higher than 1.0 
when they are computed for the total number of occurrences.  
 
Figure 16 Rain-flow matrix for MY [kNm] at 54.62m from root. 
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7.2 Results from the FE model 
The fatigue analysis of the baseline blade provided by DTU is done using MSC.NASTRAN 
and MSC.FATIGUE software. Damage estimation is based on SN approach, Miner’s rule 
and the material formulation defined in GL-Guideline [4]. 
This FE model is loaded at 10 points using RBE3 equations, but at intermediate sections 
located in the middle point in-between those sections where the aero-elastic code 
provides these time series. The uncoupling of these loads is done according to the 
criterion of section 4.1 but for all of the time steps. 
Once the loads are updated and prepared for the required format, the method followed 
for damage estimation is the following: 
 Execution of linear static analyses for unitary loads. Considering 10 load introduction 
points and 6 load components (FX, FY, FZ, MX, MY, MZ), 60 FE analyses are done 
 Linear combination of the strain results for every load case considering the values of 
the time series previously uncoupled 
 Peak-valley extraction for the axial strain time-series at the outer surface of every  
element 
 Rain-flow counting 
 Damage estimation for every element and every load case. Material formulation is 
defined using strain values. 
 Linear superposition of damage taking into account all the events (20) and 
occurrences defined by POLIMI 
The results obtained are significantly affected by the RBE3 equations used for load 
introduction. Although the progression of damage is similar to that one observed with 
BASSF, expected damage is at least of one order higher than that one from the 
analytical code. 
Further research and a deeper validation of this FE method is needed for a reliable 
fatigue assessment of the blade. Assuming this situation, it is decided not to extract 
conclusions from these FE results. The expected damage for the design load cases using 
this method is shown for reference. 
Table 30 shows maximum damage obtained in UD, BIAX and TRIAX plies at those 
sections where POLIMI time series are defined  
Table 30 Damage progression obtained from the FEM model  
Section Maximum Damage – Design Load Cases 
nº 
Distance 
from root 
[m] 
UD mat 
[-] 
BIAX mat 
[-] 
TRIAX mat 
[-] 
1 2.800 0.00 1.17 0.00 
2 11.437 0.00 113.20 0.00 
3 20.073 0.06 362.10 0.01 
4 28.710 0.24 341.40 0.06 
5 37.346 0.38 85.77 0.09 
6 45.983 0.26 85.30 0.06 
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Section Maximum Damage – Design Load Cases 
nº 
Distance 
from root 
[m] 
UD mat 
[-] 
BIAX mat 
[-] 
TRIAX mat 
[-] 
7 54.620 0.22 9.31 0.05 
8 63.256 0.08 0.02 0.02 
9 71.893 0.01 0.00 0.01 
10 80.529 0.00 0.00 0.00 
 
 
Figure 17 Evolution of damage at UD, TRIAX and BIAX plies – design loads 
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8. Conclusions 
8.1 Conclusions for extreme load cases; design versus tests 
According to the work done and for the case studied, the certification tests proposed by 
IEC standard are in general more benign than the extreme design loads. It is checked 
that, at most of the blade sections, the minimum strength ratios obtained for the tests 
are higher than those ones obtained when loading the blade with the design cases. 
From these considerations, it can be remarked that the representativeness of the tests 
is directly influenced by the particularities of the blade design and its operational loads. 
As a consequence, it is suggested to evaluate the option of defining the tests not only 
from maximum load envelopes but with the support of more detailed structural analyses. 
8.2 Conclusions for fatigue load cases; design versus tests 
Fatigue tests are conditioned by the influence of the mechanical systems used for load 
application and the common loading-methodology assumed by main blade 
manufacturers. 
As a consequence, it is not easy to reproduce with the tests that damage expected from 
wind turbine operation. Main reasons are: 
 Uncoupled loading: In operational conditions, the rotor blade is working under a 
multi-axial spectrum of loads since, in the tests, this loading condition is uniaxial. 
 Uniform amplitude loading: In operational conditions, the rotor blade is loaded with a 
high dispersion of cycles (amplitude and mean) which deals into spread histograms. 
Although from the theoretical point of view, it is possible to reproduce the same 
damage of operation using equivalent loads, there are factors not considered as non-
linear behaviour and local buckling   
 Mean effect: Due to the restrictions of the testing facilities, it is not possible to 
consider properly the mean values of the loading time series. When using mass-
oscillating masses, mean loads are conditioned by gravitational effects. The 
hydraulic actuator can minimize this effect but, in any of the cases, it is not possible 
to match with those values from operation. 
These limitations affect directly to the estimation of damage. In addition, the material 
formulation (highly influenced by the stresses mean values) and the logarithmic 
approach of the material behaviour deals into significant differences in damage between 
tests and operation. 
Under the case studied, Flapwise test is more critical for UD and BIAX layers than the 
operational loading conditions while for the shear webs (BIAX), the effect is the opposite. 
8.3 Conclusions – further work 
It is recommended to research on the improvement of tests, both static and also fatigue, 
in order to reproduce with higher accuracy the real conditions of the blade when the 
wind turbine is operating. 
This work shall be done in collaboration with the testing facilities which can define the 
limits of the loading devices and their main restrictions. 
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Focused only on the loading strategy, assumptions such us; static test principal 
directions, uniaxial & uniform amplitude loading and no-mean effect consideration are 
general accepted procedures that give the challenge to improve or, at least to work on 
the improvement of these blade testing methods. 
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10. Appendix A – Extreme loads 
 
Following tables show the extreme load values for each section of the blade. The 
simultaneous values for all the other cross sections are not shown but calculated. 
 
Table A.1 Extreme loads at 0.00m from blade root  
Distance from root [m] 0.00 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1205 -370 2305.6 1260.5 12064 56205 74.3 57485 
  min dlc14cb 1.35 -809.3 126.2 2468.2 819.1 2970.2 -41266 -55 41373 
FY max dlc11k1 1.35 230 711.7 1854.7 747.9 -20108 8280 -251.3 21746 
  min dlc11i1 1.35 341.1 -766.7 1551.8 839.1 25674 1820 158.1 25738 
FZ max dlc14bb 1.35 146.9 -12.5 3150.3 147.4 1442.9 6543.8 -500.4 6701 
  min dlc61ab_h_2_1 1.35 -1.06 70.7 -575 70.7 -1110 1486.4 -126.1 1855.2 
Fres max dlc21aa 1.35 1186.5 -571.7 2439.6 1317 17343 56287 -70.8 58898 
MX max dlc11i1 1.35 341.1 -766.7 1551.8 839.1 25674 1820 158.1 25738 
  min dlc11k1 1.35 77 672.1 1672.6 676.5 -20618 3712.6 -357 20949 
MY max dlc13bb1 1.35 1166.2 -583.3 1321.6 1304 18963 57425 -54.7 60475 
  min dlc14cb 1.35 -805 156.6 2377.9 820.1 2441.5 -41504 9.81 41576 
MZ max dlc23ba_3 1.10 -175.2 -619.6 1238.1 643.9 21903 -18403 487.3 28608 
  min dlc61ab_h_1_1 1.35 -52.4 244 -59.4 249.5 -5806.7 -12290 -542.2 13593 
Mres max dlc62j_h_1_1 1.10 1166.2 -583.3 1321.6 1304 18963 57425 -54.7 60475 
Table A.2 Extreme loads at 2.015m from blade root  
Distance from root [m] 2.015 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1199.3 -356.7 2262.4 1251.3 11333 53770 69.9 54952 
  min dlc14cb 1.35 -805.9 97.5 2470.4 811.8 3249.7 -39318 -84.2 39452 
FY max dlc11k1 1.35 232.2 679.5 1829.7 718.1 -18708 7800.7 -248 20269 
  min dlc11i1 1.35 319.8 -740.4 1533.2 806.5 24156 1142.3 150.9 24183 
FZ max dlc14bb 1.35 139.9 -17.7 3099 141 1411.6 6232.7 -499.7 6390.6 
  min dlc61ab_h_2_1 1.35 -1.01 58.9 -541.9 58.9 -979.4 1492.6 -121.4 1785.3 
Fres max dlc21aa 1.35 1180.1 -546.5 2406.4 1300.5 16218 53889 -76.2 56276 
MX max dlc11i1 1.35 319.8 -740.4 1533.2 806.5 24156 1142.3 150.9 24183 
  min dlc11k1 1.35 86 642.1 1660.9 647.8 -19295 3536.8 -353.9 19617 
MY max dlc13bb1 1.35 1162.9 -561 1330.1 1291.2 17811 55071 -60 57880 
  min dlc14cb 1.35 -800.3 131.9 2341.4 811.1 2731.8 -39907 11.8 40001 
MZ max dlc23ba_3 1.10 -189.1 -596.4 1228.5 625.7 20679 -18046 482.5 27446 
  min dlc11k1 1.35 -178.4 300 1829.9 349 -10536 -11361 -531.2 15494 
Mres max dlc62g_h_1_1 1.10 1162.9 -561 1330.1 1291.2 17811 55071 -60 57880 
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Table A.3 Extreme loads at 5.470m from blade root  
Distance from root [m] 5.470 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1188 -334 2171.5 1234 10143 49634 62 50660 
  min dlc14cb 1.35 -803 60.4 2380.7 805.3 3521.6 -36593 -80.6 36762 
FY max dlc11k1 1.35 235.1 621.3 1771.5 664.3 -16467 6967.7 -241.4 17880 
  min dlc11i1 1.35 279.9 -694.5 1487.9 748.8 21683 82.3 135.9 21683 
FZ max dlc14bb 1.35 175.3 -48.3 2986.4 181.9 1904.7 7891.7 -501.9 8118.3 
  min dlc61ab_h_2_1 1.35 -1.23 40.2 -485.1 40.2 -808.1 1503.9 -114 1707.2 
Fres max dlc21aa 1.35 1166.8 -504.1 2329.4 1271 14410 49821 -85.7 51863 
MX max dlc11i1 1.35 279.9 -694.5 1487.9 748.8 21683 82.3 135.9 21683 
  min dlc11k1 1.35 101.7 589.9 1625 598.6 -17174 3189.3 -348.6 17467 
MY max dlc13bb1 1.35 1155.1 -522.9 1329.1 1267.9 15944 51059 -69.3 53490 
  min dlc14cb 1.35 -794 90.7 2259.7 799.2 3115.2 -37205 15.8 37336 
MZ max dlc23ba_3 1.10 -214 -555.8 1200.5 595.5 18693 -17373 472.7 25520 
  min dlc11k1 1.35 -177.7 268.8 1750.7 322.2 -9557.8 -10778 -529.8 14405 
Mres max dlc62a_h_2_1 1.10 1155.1 -522.9 1329.1 1267.9 15944 51059 -69.3 53490 
Table A.4 Extreme loads at 8.348m from blade root  
Distance from root [m] 8.348 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1176.4 -315.6 2085.3 1218 9212.6 46225 55.2 47134 
  min dlc14cb 1.35 -803.7 32.9 2292.9 804.3 3654.8 -34342 -80.5 34536 
FY max dlc11k1 1.35 234.9 574.5 1712.2 620.7 -14756 6265.7 -235.2 16031 
  min dlc11i1 1.35 244.2 -656 1440.6 700 19747 -695.8 120.4 19759 
FZ max dlc14bb 1.35 160.9 -50.3 2876.5 168.6 1761.5 7367.3 -503.2 7575 
  min dlc61ab_h_2_1 1.35 -2.8 27.2 -440.7 27.3 -711 1516.1 -113.5 1674.6 
Fres max dlc13bb1 1.35 1146.2 -492.8 1314.1 1247.6 14488 47744 -77.3 49893 
MX max dlc11i1 1.35 244.2 -656 1440.6 700 19747 -695.8 120.4 19759 
  min dlc11k1 1.35 113 549.7 1582.7 561.2 -15544 2855.8 -343.3 15804 
MY max dlc13bb1 1.35 1146.2 -492.8 1314.1 1247.6 14488 47744 -77.3 49893 
  min dlc14cb 1.35 -791.9 60 2178.8 794.2 3330.7 -34981 18.2 35140 
MZ max dlc23ba_3 1.10 -234.6 -523.2 1168.3 573.4 17148 -16753 463 23973 
  min dlc11k1 1.35 -179.9 246.1 1677.3 304.8 -8823.9 -10297 -529.5 13561 
Mres max dlc51ab1 1.35 1146.2 -492.8 1314.1 1247.6 14488 47744 -77.3 49893 
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Table A.5 Extreme loads at 10.634m from blade root  
Distance from root [m] 10.63 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1165.4 -301.2 2014.4 1203.7 8514.1 43554 50.3 44379 
  min dlc14cb 1.35 -807.3 14.4 2219.3 807.5 3709.6 -32555 -88.7 32766 
FY max dlc11k1 1.35 286 541.1 1508 612 -13600 8792.4 -156.4 16194 
  min dlc11i1 1.35 215.5 -626.1 1399.6 662.2 18291 -1239.7 106.9 18333 
FZ max dlc14bb 1.35 199.4 -69.7 2784.5 211.3 2070.7 9000.1 -490.7 9235.2 
  min dlc61ab_h_2_1 1.35 -7.17 19.7 -408.8 20.9 -657.8 1531.2 -122.6 1666.5 
Fres max dlc13bb1 1.35 1137.2 -470.3 1294.9 1230.6 13394 45137 -82.8 47082 
MX max dlc14bb 1.35 -185.2 -560 633.2 589.8 18307 -11786 378.4 21773 
  min dlc11k1 1.35 119.4 522.1 1544 535.5 -14328 2571.4 -340.9 14557 
MY max dlc13bb1 1.35 1137.2 -470.3 1294.9 1230.6 13394 45137 -82.8 47082 
  min dlc14cb 1.35 -793.5 39.4 2110.6 794.4 3444.6 -33222 12.4 33400 
MZ max dlc23ba_3 1.10 -250.6 -499 1139 558.4 15987 -16221 454.9 22775 
  min dlc11k1 1.35 -183.7 231.6 1617.6 295.6 -8283.9 -9908 -531 12915 
Mres max dlc62g_h_1_1 1.10 1137.2 -470.3 1294.9 1230.6 13394 45137 -82.8 47082 
Table A.6 Extreme loads at 10.377m from blade root  
Distance from root [m] 12.38 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1155.8 -290.4 1959.1 1191.7 8004 41540 46 42304 
  min dlc14cb 1.35 -812.1 2.12 2161.3 812.1 3724.2 -31190 -99.5 31412 
FY max dlc11k1 1.35 284.3 519.1 1471.9 591.8 -12684 8283.6 -154.9 15149 
  min dlc11i1 1.35 193.9 -603.9 1366.6 634.2 17227 -1611.2 97 17302 
FZ max dlc14bb 1.35 185.4 -67.2 2711.9 197.2 1952.1 8644.4 -492.5 8862.1 
  min dlc61ab_h_2_1 1.35 -13.5 15.8 -386.2 20.8 -626.6 1551.7 -137.2 1673.4 
Fres max dlc13bb1 1.35 1129.2 -453.9 1276.6 1217 12594 43166 -87.2 44966 
MX max dlc14bb 1.35 -200.3 -548.1 610.9 583.6 17344 -11458 372 20787 
  min dlc11k1 1.35 326.6 434.1 1350.6 543.3 -13552 9491.4 -136.9 16545 
MY max dlc13bb1 1.35 1129.2 -453.9 1276.6 1217 12594 43166 -87.2 44966 
  min dlc14cb 1.35 -788.1 33.3 2021 788.8 3405.6 -31890 36.9 32071 
MZ max dlc23ba_3 1.10 -263 -481.4 1114.8 548.5 15140 -15792 448.2 21877 
  min dlc11k1 1.35 -187.8 222.4 1571.5 291.1 -7893.9 -9606.1 -532.2 12434 
Mres max dlc62d_l_1_1 1.10 1129.2 -453.9 1276.6 1217 12594 43166 -87.2 44966 
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Table A.7 Extreme loads at 14.091m from blade root  
Distance from root [m] 14.09 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1145.3 -279.8 1903.9 1179 7520.8 39581 41.4 40289 
  min dlc14cb 1.35 -818.9 -8.44 2102.8 818.9 3717.8 -29845 -115.6 30075 
FY max dlc11k1 1.35 280.7 499.1 1435.2 572.7 -11821 7787.5 -153.5 14155 
  min dlc11i1 1.35 173.7 -582.3 1332.9 607.6 16219 -1941.7 87.7 16335 
FZ max dlc14bb 1.35 168.1 -63.6 2638.7 179.8 1839.3 8321.2 -493.7 8522 
  min dlc61ab_h_2_1 1.35 -23.3 14 -365.2 27.2 -600.4 1585.2 -160.2 1695.1 
Fres max dlc13bb1 1.35 1120.6 -438.2 1256 1203.2 11837 41246 -91.8 42911 
MX max dlc14bb 1.35 -214.6 -536.4 589.3 577.7 16418 -11111 364.9 19825 
  min dlc11k1 1.35 322.5 419.1 1321.2 528.9 -12830 8924.4 -136.7 15629 
MY max dlc13bb1 1.35 1120.6 -438.2 1256 1203.2 11837 41246 -91.8 42911 
  min dlc14cb 1.35 -792.8 20.9 1967.8 793.1 3450.6 -30584 23.2 30778 
MZ max dlc23ba_3 1.10 -275.4 -464.6 1089.7 540.1 14336 -15352 439.3 21005 
  min dlc61ab_h_1_1 1.35 -258.4 98.9 -37.9 276.7 -3523.4 -10088 -543.6 10686 
Mres max dlc62g_l_1_1 1.10 1120.6 -438.2 1256 1203.2 11837 41246 -91.8 42911 
Table A.8 Extreme loads at 15.833m from blade root  
Distance from root [m] 15.83 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1133.6 -269.2 1845.9 1165.2 7048.6 37626 38.3 38280 
  min dlc14cb 1.35 -826.4 -18.2 2040.9 826.6 3692.2 -28457 -132.6 28696 
FY max dlc11k1 1.35 276.2 479 1396.1 552.9 -10980 7298.8 -154.7 13185 
  min dlc11i1 1.35 153.7 -560.3 1296.8 581 15233 -2235.6 81.7 15396 
FZ max dlc14bb 1.35 149.2 -59.4 2561.4 160.6 1730.5 8041.4 -493.4 8225.5 
  min dlc61ab_h_2_1 1.35 -34.1 13.1 -344.6 36.6 -575.4 1635.7 -183.5 1734 
Fres max dlc13bb1 1.35 1110.7 -422.4 1232.1 1188.3 11095 39321 -93.9 40856 
MX max dlc14bb 1.35 -228.5 -524 567.2 571.7 15498 -10731 360.7 18851 
  min dlc11k1 1.35 316.8 405.4 1289 514.5 -12122 8364.5 -138.8 14728 
MY max dlc13bb1 1.35 1110.7 -422.4 1232.1 1188.3 11095 39321 -93.9 40856 
  min dlc14cb 1.35 -798.3 9.28 1911.3 798.4 3474.3 -29242 8.37 29448 
MZ max dlc14bb 1.35 -222.7 -484.7 562.1 533.4 15344 -10380 433.9 18525 
  min dlc61ab_h_1_1 1.35 -281.5 90.3 -35.8 295.6 -3358.5 -9616.7 -560.8 10186 
Mres max dlc62d_l_1_1 1.10 1110.7 -422.4 1232.1 1188.3 11095 39321 -93.9 40856 
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Table A.9 Extreme loads at 17.559m from blade root  
Distance from root [m] 17.56 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1121.3 -259.1 1787.9 1150.8 6598.1 35704 34.7 36309 
  min dlc14cb 1.35 -831.2 -27.2 1978.6 831.6 3648.4 -27089 -139.2 27334 
FY max dlc11k1 1.35 271.3 459.2 1356.5 533.3 -10184 6814.4 -151.6 12254 
  min dlc11i1 1.35 132.6 -538.5 1260.1 554.6 14293 -2500.1 72.7 14510 
FZ max dlc14bb 1.35 134.1 -56 2483.5 145.3 1627.4 7780.2 -492.6 7948.6 
  min dlc61ab_h_2_1 1.35 -40.2 12.4 -325.4 42.1 -551.5 1702.8 -189.4 1789.9 
Fres max dlc13bb1 1.35 1099.6 -407 1206.4 1172.4 10387 37427 -97.4 38842 
MX max dlc14bb 1.35 -240.4 -511.7 545.7 565.4 14607 -10336 355.3 17894 
  min dlc11k1 1.35 310.2 392.4 1255.9 500.2 -11446 7812.8 -137 13859 
MY max dlc13bb1 1.35 1099.6 -407 1206.4 1172.4 10387 37427 -97.4 38842 
  min dlc14cb 1.35 -801.8 -1.35 1854.3 801.8 3476.4 -27921 2.52 28137 
MZ max dlc14bb 1.35 -234.3 -473 541.5 527.9 14520 -9994.7 429.3 17627 
  min dlc61ab_h_1_1 1.35 -296.7 83 -33.8 308.1 -3208.9 -9115.7 -557.8 9664 
Mres max dlc62g_h_2_1 1.10 1099.6 -407 1206.4 1172.4 10387 37427 -97.4 38842 
Table A.10 Extreme loads at 21.016m from blade root  
Distance from root [m] 21.02 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1093.6 -240.2 1673.1 1119.6 5743.6 31956 29.8 32468 
  min dlc14cb 1.35 -835.1 -43 1854.2 836.2 3508.3 -24349 -135.3 24600 
FY max dlc11k1 1.35 258.9 421.3 1276.7 494.5 -8698 5881.6 -146.7 10500 
  min dlc11i1 1.35 92.8 -497.3 1186 505.9 12521 -2916.3 58.8 12856 
FZ max dlc14bb 1.35 166.1 -64.9 2328.1 178.4 1681.8 8861.3 -468.2 9019.4 
  min dlc61ab_h_2_1 1.35 -42.4 11 -290.4 43.8 -505.3 1852.4 -176.1 1920 
Fres max dlc13bb1 1.35 1074.3 -377.5 1150.5 1138.7 9048.4 33722 -100.7 34915 
MX max dlc14bb 1.35 -256.9 -458.1 503.7 525.2 12975 -9341.3 409.8 15988 
  min dlc11k1 1.35 297.5 367.1 1187.4 472.6 -10166 6751.1 -135.9 12204 
MY max dlc13bb1 1.35 1059.8 -373.2 1158.1 1123.6 8971.5 33771 -99.9 34943 
  min dlc14cb 1.35 -804.6 -20.1 1740 804.8 3420.8 -25278 5.48 25509 
MZ max dlc14bb 1.35 -252.6 -450.7 501.7 516.6 12928 -9170.8 425.2 15851 
  min dlc14bb 1.35 -329.3 57.4 2265.9 334.2 -624.8 -5100.9 -548.4 5139.1 
Mres max dlc62j_h_1_1 1.10 990 -388.7 1104.4 1063.6 10689 33298 -201.5 34971 
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Table A.11 Extreme loads at 24.470m from blade root  
Distance from root [m] 24.47 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13ab1 1.35 1052.3 -219.7 1558.9 1075 4958.6 28370 21.9 28800 
  min dlc14cb 1.35 -819.2 -53.9 1729.4 820.9 3317.8 -21646 -121.5 21899 
FY max dlc11k1 1.35 233.3 388.5 1195.8 453.1 -7341.2 5022.4 -152 8894.8 
  min dlc14bb 1.35 -266.2 -459.6 464.5 531.1 11253 -8597 340.6 14162 
FZ max dlc14bb 1.35 157.1 -58.7 2172.4 167.7 1452 8325.4 -451 8451 
  min dlc61ab_h_2_1 1.35 -19.7 11.3 -259.1 22.7 -461.3 1965 -152.3 2018.4 
Fres max dlc13bb1 1.35 1039.2 -348.5 1089.6 1096.1 7813.3 30154 -102.5 31150 
MX max dlc14bb 1.35 -263.3 -434 464.5 507.6 11439 -8457.5 401.9 14226 
  min dlc11k1 1.35 271.6 346.5 1116.3 440.3 -8974.2 5759.3 -149.1 10663 
MY max dlc13bb1 1.35 1006.1 -317.9 1103 1055.1 7757.7 30295 -115.8 31273 
  min dlc14cb 1.35 -782.3 -28.3 1596.8 782.8 3307.2 -22704 53.4 22944 
MZ max dlc14bb 1.35 -258.5 -425.5 463.3 497.9 11419 -8302.8 422.3 14119 
  min dlc14bb 1.35 -317.4 47.5 2113.7 321 -480.6 -4052.5 -531.7 4080.9 
Mres max dlc62j_h_1_1 1.10 965.3 -362.6 1044.9 1031.2 9412.4 29999 -204.3 31441 
Table A.12 Extreme loads at 27.926m from blade root  
Distance from root [m] 27.93 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 1005.6 -258.4 1632.4 1038.3 5539.7 26508 -95.4 27080 
  min dlc14cb 1.35 -795.9 -61.9 1603.1 798.3 3092.5 -19074 -107.1 19323 
FY max dlc11k1 1.35 95.8 360.1 1163.6 372.6 -6962 306.5 -312.7 6968.7 
  min dlc14bb 1.35 -265.8 -429.9 425.8 505.5 9721.9 -7706 322.6 12406 
FZ max dlc14bb 1.35 156.8 -53.6 2014.9 165.8 1238.1 7784.2 -428 7882.1 
  min dlc61ab_h_2_1 1.35 8.03 12.3 -230.6 14.6 -414 1989.1 -124.6 2031.8 
Fres max dlc13bb1 1.35 993.2 -319.2 1024 1043.2 6679.9 26740 -99.5 27561 
MX max dlc14bb 1.35 -257.8 -399.2 425.7 475.2 10000 -7439.3 409.3 12464 
  min dlc11k1 1.35 239.8 328.8 1042.5 407 -7851.2 4862.1 -152.7 9234.7 
MY max dlc13bb1 1.35 948 -280.5 1043.3 988.7 6743.5 26989 -110.5 27818 
  min dlc14cb 1.35 -766.7 -42 1482.6 767.9 3160.6 -20235 59.8 20481 
MZ max dlc14bb 1.35 -257.8 -399.2 425.7 475.2 10000 -7439.3 409.3 12464 
  min dlc14bb 1.35 -296 38.8 1959.9 298.6 -372.6 -3106.3 -510.5 3128.6 
Mres max dlc62a_h_1_1 1.10 927.8 -336.4 988.5 986.9 8246.2 26822 -188.8 28061 
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Table A.13 Extreme loads at 31.381m from blade root  
Distance from root [m] 31.38 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 964.3 -234.5 1502.9 992.4 4711.2 23325 -93.2 23796 
  min dlc14cb 1.35 -766.9 -68.2 1451.4 770 2851.9 -17022 -63.6 17259 
FY max dlc11k1 1.35 74.9 330.7 1075.6 339 -5822.3 -21.5 -299.3 5822.3 
  min dlc14bb 1.35 -258.8 -394.7 386.8 472 8301.1 -6826.9 313.2 10748 
FZ max dlc14bb 1.35 161 -48.6 1851.5 168.2 1038.8 7269.1 -397.7 7343 
  min dlc61ab_h_2_1 1.35 36.2 13 -203.8 38.4 -363.7 1914 -97.7 1948.3 
Fres max dlc21aa 1.35 964.3 -234.5 1502.9 992.4 4711.2 23325 -93.2 23796 
MX max dlc14bb 1.35 -252.2 -370.7 387.7 448.3 8675.6 -6585.1 396.4 10892 
  min dlc11k1 1.35 213.4 309.2 964.3 375.7 -6795.7 4079.5 -161.8 7926.1 
MY max dlc13bb1 1.35 909 -255.8 970.4 944.3 5838 23918 -113.8 24620 
  min dlc14cb 1.35 -734.9 -49.3 1340.2 736.6 2996.3 -17878 97.7 18128 
MZ max dlc14bb 1.35 -252.2 -370.7 387.7 448.3 8675.6 -6585.1 396.4 10892 
  min dlc14bb 1.35 -268.5 31.7 1800.4 270.4 -297 -2234.1 -482.6 2253.7 
Mres max dlc62j_h_2_1 1.10 896.9 -313.4 918.2 950 7147.6 23799 -183.4 24849 
Table A.14 Extreme loads at 33.109m from blade root  
Distance from root [m] 33.11 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 941.7 -222.9 1436.9 967.7 4328.8 21801 -89.6 22227 
  min dlc14cb 1.35 -750.9 -71 1386 754.2 2718 -15842 -57.8 16073 
FY max dlc11k1 1.35 63.8 315.4 1030.2 321.8 -5291.4 -159.5 -289.1 5293.8 
  min dlc14bb 1.35 -253.6 -375.9 367.5 453.4 7638.5 -6400.2 306.7 9965.3 
FZ max dlc14bb 1.35 164.8 -46.2 1768.5 171.2 946.4 7007.9 -381.3 7071.5 
  min dlc61ab_h_2_1 1.35 47.1 13 -190.9 48.9 -338.1 1842.8 -84.7 1873.6 
Fres max dlc21aa 1.35 941.7 -222.9 1436.9 967.7 4328.8 21801 -89.6 22227 
MX max dlc14bb 1.35 -247.5 -356 368.8 433.6 8051.2 -6169.2 386.6 10143 
  min dlc11k1 1.35 200.7 298.7 924 359.8 -6294.6 3721.7 -165.3 7312.6 
MY max dlc13bb1 1.35 888.5 -244.3 932.2 921.5 5417.2 22444 -114.2 23088 
  min dlc14cb 1.35 -723 -54.8 1280.8 725.1 2893.2 -16742 100.9 16991 
MZ max dlc14bb 1.35 -247.5 -356 368.8 433.6 8051.2 -6169.2 386.6 10143 
  min dlc14bb 1.35 -252.9 28.7 1719.3 254.5 -267 -1839.6 -467.1 1858.9 
Mres max dlc61ab_h_2_1 1.35 880.2 -302 881.5 930.6 6628.9 22337 -179.2 23300 
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Table A.15 Extreme loads at 34.836m from blade root  
Distance from root [m] 34.84 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 918 -211.6 1370.4 942 3967.4 20326 -85.2 20710 
  min dlc14cb 1.35 -733.6 -73.2 1320.2 737.2 2580.5 -14698 -52.4 14922 
FY max dlc11k1 1.35 53.3 299.7 984.2 304.4 -4787.1 -279.6 -277 4795.3 
  min dlc14bb 1.35 -247.2 -356.7 348.3 434 7009.2 -5984.6 299 9216.5 
FZ max dlc14bb 1.35 169.4 -43.8 1685 175 859.3 6741.9 -364.3 6796.5 
  min dlc61ab_h_2_1 1.35 54.8 12.8 -178.6 56.3 -313 1755.6 -71.8 1783.3 
Fres max dlc21aa 1.35 918 -211.6 1370.4 942 3967.4 20326 -85.2 20710 
MX max dlc14bb 1.35 -241.8 -340.9 350 417.9 7453 -5763.3 375.3 9421.4 
  min dlc11k1 1.35 188.4 287.7 883.1 343.9 -5812 3385.7 -167 6726.3 
MY max dlc13bb1 1.35 867.7 -233.3 893.2 898.5 5016.6 21011 -113.9 21601 
  min dlc14cb 1.35 -710 -59.6 1221 712.5 2782.1 -15636 103.7 15881 
MZ max dlc14bb 1.35 -241.8 -340.9 350 417.9 7453 -5763.3 375.3 9421.4 
  min dlc14bb 1.35 -236.5 26 1637.9 237.9 -241 -1474.6 -451.4 1494.2 
Mres max dlc23ba_2 1.10 862.7 -290.7 844.1 910.4 6130.5 20911 -174.3 21791 
Table A.16 Extreme loads at 38.292m from blade root  
Distance from root [m] 38.29 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 868.5 -189.8 1236 889 3303.5 17521 -75.6 17830 
  min dlc14cb 1.35 -696.9 -75.5 1170.5 701 2346.6 -12850 -14.8 13063 
FY max dlc11k1 1.35 150.1 270.8 807.4 309.6 -4618.3 2605.2 -140.8 5302.4 
  min dlc14bb 1.35 -223.8 -322 323.3 392.2 6089.3 -4732.4 249.2 7712 
FZ max dlc14bb 1.35 223.3 -46 1517 227.9 780.7 6891.9 -313.2 6936 
  min dlc61ab_h_2_1 1.35 60.6 12.3 -155.1 61.8 -264.5 1556 -45.1 1578.4 
Fres max dlc21aa 1.35 868.5 -189.8 1236 889 3303.5 17521 -75.6 17830 
MX max dlc14bb 1.35 -229.2 -311 312.6 386.3 6334.7 -4985.5 349.1 8061.2 
  min dlc11k1 1.35 164.1 247.7 803.9 297.1 -4962 2760.9 -174 5678.4 
MY max dlc13bb1 1.35 810.6 -214.3 821 838.5 4160.6 18324 -96.8 18790 
  min dlc14cb 1.35 -672.3 -65.6 1082.2 675.5 2545.3 -13540 131.6 13777 
MZ max dlc14bb 1.35 -229.2 -311 312.6 386.3 6334.7 -4985.5 349.1 8061.2 
  min dlc11k1 1.35 -230.7 232.2 1060.9 327.3 -3801.9 -5360.1 -421 6571.5 
Mres max dlc62a_h_2_1 1.10 824.5 -268.3 767.1 867 5192.7 18165 -163.9 18893 
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Table A.17 Extreme loads at 43.477m from blade root  
Distance from root [m] 43.38 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 786.9 -159.2 1033.9 802.8 2444.5 13655 -62.8 13873 
  min dlc14cb 1.35 -633.6 -75 948.1 638 2026.6 -10356 53.1 10552 
FY max dlc11k1 1.35 124.4 229.9 680.3 261.4 -3386.8 1878.7 -126.8 3873 
  min dlc14bb 1.35 -200.7 -276.5 268.2 341.7 4545.9 -3697.7 202.1 5859.9 
FZ max dlc14bb 1.35 231.4 -36.9 1265.8 234.3 549.5 5802.3 -260.7 5828.3 
  min dlc61ab_h_2_1 1.35 62.1 11 -122.9 63 -197.5 1246.2 -31.9 1261.8 
Fres max dlc21aa 1.35 786.4 -165.1 1029.7 803.5 2603.4 13641 -70.8 13887 
MX max dlc14bb 1.35 -206.7 -267.2 257.8 337.8 4849.7 -3920.3 294.7 6236 
  min dlc11k1 1.35 139.9 215.9 675.2 257.3 -3827.6 1959.8 -163.2 4300.2 
MY max dlc13bb1 1.35 736.5 -188.9 701.9 760.3 3047.6 14627 -72.9 14941 
  min dlc14cb 1.35 -613.4 -73.3 889.6 617.8 2175.9 -10675 141.5 10894 
MZ max dlc23ba_3 1.10 -331.1 -237 551.8 407.2 4291 -6513.2 301.6 7799.6 
  min dlc11k1 1.35 -199 137.5 715.1 241.9 -2762.4 -3300.8 -378.6 4304.2 
Mres max dlc62a_h_2_1 1.10 736.5 -188.9 701.9 760.3 3047.6 14627 -72.9 14941 
Table A.18 Extreme loads at 48.806m from blade root  
Distance from root [m] 48.81 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21aa 1.35 694.4 -129.4 832.5 706.4 1723.7 10201 -48.5 10346 
  min dlc14cb 1.35 -560.8 -75.8 749.8 565.9 1657 -7833.2 79.3 8006.5 
FY max dlc11i1 1.35 55.2 188.1 570.5 196 -2411.7 1097.1 -170.7 2649.5 
  min dlc14bb 1.35 -175.6 -227.6 211.7 287.5 3369.4 -2783.9 209.8 4370.7 
FZ max dlc14bb 1.35 262 -32.3 1016.8 264 396.3 5073.8 -197.1 5089.3 
  min dlc61ab_h_1_1 1.35 -182.2 -58 -94 191.2 1004.2 -2590.5 0.34 2778.3 
Fres max dlc21ba 1.35 691 -156.8 749.4 708.5 2188.8 10794 -99.4 11013 
MX max dlc14bb 1.35 -180.6 -224.4 204.7 288 3555 -2951.6 240.9 4620.6 
  min dlc11k1 1.35 120.3 183.2 545.8 219.2 -2828.6 1263.7 -157.7 3098 
MY max dlc13bb1 1.35 660.9 -161 575 680.3 2077.7 11230 -32 11420 
  min dlc14cb 1.35 -551.3 -76 715.8 556.6 1755.2 -8048.7 134.3 8237.9 
MZ max dlc23ba_3 1.10 -307.8 -200.5 446 367.3 3157.4 -5028.8 255 5937.9 
  min dlc11k1 1.35 -174.5 125.2 573 214.7 -2122.6 -2473.5 -326.3 3259.4 
Mres max dlc23ba_2 1.10 667.7 -153.6 570.6 685.2 2176.4 11221 -53.7 11431 
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Table A.19 Extreme loads at 55.721m from blade root  
Distance from root [m] 55.72 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21ba 1.35 572.5 -116 534.3 584.1 1299.9 6953.8 -67.9 7074.2 
  min dlc14cb 1.35 -456.7 -72 521.9 462.4 1171.2 -5085.1 81.8 5218.2 
FY max dlc11j1 1.35 -11.6 144.6 432.3 145 -1667.6 -198.9 -177.4 1679.4 
  min dlc11i1 1.35 -140 -171.5 381.5 221.4 2104.7 -1983.7 22.4 2892.2 
FZ max dlc14bb 1.35 241.8 -20.3 719.3 242.6 208.4 3544.2 -136.6 3550.3 
  min dlc61ab_h_1_1 1.35 -117.2 -45.9 -62.8 125.9 650.9 -1542.8 12.7 1674.5 
Fres max dlc21ba 1.35 572.5 -116 534.3 584.1 1299.9 6953.8 -67.9 7074.2 
MX max dlc14bb 1.35 -140 -167.8 146.3 218.5 2223 -1825.2 149.3 2876.2 
  min dlc23ca_1 1.10 147.7 99.2 366.8 177.9 -1812.8 2022.7 -27.5 2716.2 
MY max dlc13bb1 1.35 555.6 -111.9 412.4 566.8 1179.5 7428.4 -9.92 7521.4 
  min dlc14cb 1.35 -452.3 -74 498.8 458.3 1233.2 -5213.8 123.8 5357.7 
MZ max dlc23ba_2 1.10 -260.8 -145.8 279.7 298.7 1899.7 -3378.7 183.1 3876.1 
  min dlc11k1 1.35 -134.9 107.5 404.4 172.5 -1384.2 -1638.7 -247.8 2145 
Mres max dlc62g_h_2_1 1.10 555.6 -111.9 412.4 566.8 1179.5 7428.4 -9.92 7521.4 
Table A.20 Extreme loads at 62.554m from blade root  
Distance from root [m] 62.55 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc11e1 1.35 433.3 -67 266.7 438.5 590.9 4161.9 -4.45 4203.6 
  min dlc14cb 1.35 -348.6 -61.7 327.7 354 751.7 -3016.2 73.7 3108.5 
FY max dlc11k1 1.35 36.5 105.1 252.3 111.2 -980.7 130.1 -86.5 989.3 
  min dlc14bb 1.35 -109.5 -122.1 91 164 1222.3 -1117.4 99.2 1656.1 
FZ max dlc14bb 1.35 220.8 -12.2 465.1 221.2 104 2333.4 -82.7 2335.7 
  min dlc61ab_l_2_1 1.35 7.7 -5.94 -38.9 9.73 65.2 235.3 -14.1 244.2 
Fres max dlc13bb1 1.35 432.8 -74.8 268.2 439.3 703.9 4359.9 -17.8 4416.4 
MX max dlc14bb 1.35 -104.1 -121.2 94 159.8 1254.6 -1070.5 94.3 1649.2 
  min dlc23ca_1 1.10 113 97 237.7 148.9 -1178.8 1195.2 -14.7 1678.7 
MY max dlc13bb1 1.35 411.5 -52 240.2 414.8 603.2 4519.2 -11.5 4559.2 
  min dlc14cb 1.35 -348 -62.5 322.8 353.6 756.3 -3028.9 82.8 3121.9 
MZ max dlc23ba_2 1.10 319.8 40 217.4 322.3 -571.5 3165.8 129.9 3217 
  min dlc11k1 1.35 -107.2 84 261.1 136.2 -781.5 -1017.4 -164.7 1282.8 
Mres max dlc62g_l_2_1 1.10 411.5 -52 240.2 414.8 603.2 4519.2 -11.5 4559.2 
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Table A.21 Extreme loads at 69.564m from blade root  
Distance from root [m] 69.56 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13bb1 1.35 300.9 -38.1 150.3 303.3 242.1 2120 8.82 2133.8 
  min dlc14cb 1.35 -234.5 -45.1 179.7 238.8 370.1 -1418.5 32.6 1466 
FY max dlc23ca_1 1.10 77.7 78.2 131 110.3 -588.9 571.2 -7.43 820.4 
  min dlc14bb 1.35 -71.4 -78.6 51.3 106.2 566.3 -517 42.4 766.8 
FZ max dlc14bb 1.35 172.1 -6.09 255.4 172.2 47 1209.7 -44.7 1210.6 
  min dlc61ab_l_2_1 1.35 15.3 -4.34 -20.9 15.9 30.8 166.7 -3.04 169.5 
Fres max dlc13bb1 1.35 300.9 -38.1 150.3 303.3 242.1 2120 8.82 2133.8 
MX max dlc14bb 1.35 -71.4 -78.6 51.3 106.2 566.3 -517 42.4 766.8 
  min dlc23ca_1 1.10 77.7 78.2 131 110.3 -588.9 571.2 -7.43 820.4 
MY max dlc13bb1 1.35 299.7 -37 134.8 302 297.8 2242.6 -5.79 2262.3 
  min dlc14cb 1.35 -233.5 -47.3 175 238.2 388.2 -1428.7 43.7 1480.5 
MZ max dlc23ba_3 1.10 247.3 20.8 163.8 248.2 -212.1 1699.8 79.9 1712.9 
  min dlc11k1 1.35 -108.2 29.8 191.2 112.3 -199.6 -609.4 -89.3 641.3 
Mres max dlc62j_h_1_1 1.10 299.7 -37 134.8 302 297.8 2242.6 -5.79 2262.3 
Table A.22 Extreme loads at 74.699m from blade root  
Distance from root [m] 74.70 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13bb1 1.35 206.7 -25.2 74.2 208.2 137.8 1038.4 -2.28 1047.5 
  min dlc14cb 1.35 -152.9 -31 95.9 156 173.1 -642.5 11.1 665.4 
FY max dlc23ca_1 1.10 51.9 54 71.2 74.9 -263.5 259.1 -5.58 369.6 
  min dlc14bb 1.35 -48.3 -49.1 27.7 68.9 244.9 -239 15.7 342.2 
FZ max dlc14bb 1.35 117.4 -2.22 138.4 117.4 20 559 -26.5 559.3 
  min dlc61ab_h_1_1 1.35 -13.9 3.92 -11.3 14.5 -21.1 -66 -2.34 69.3 
Fres max dlc13bb1 1.35 206.7 -25.2 74.2 208.2 137.8 1038.4 -2.28 1047.5 
MX max dlc11k1 1.35 -67.5 -46.3 88.6 81.9 246.4 -331.9 -5.82 413.3 
  min dlc23ca_1 1.10 51.9 54 71.2 74.9 -263.5 259.1 -5.58 369.6 
MY max dlc13bb1 1.35 206.7 -25.2 74.2 208.2 137.8 1038.4 -2.28 1047.5 
  min dlc14cb 1.35 -152 -34.9 93.5 156 196.5 -646.3 20.6 675.5 
MZ max dlc23ba_3 1.10 164.7 19.3 89.3 165.9 -104.2 777.9 40.8 784.9 
  min dlc11k1 1.35 -68 20.6 103.3 71 -89.5 -251 -50.9 266.4 
Mres max dlc62a_l_1_1 1.10 206.7 -25.2 74.2 208.2 137.8 1038.4 -2.28 1047.5 
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Table A.23 Extreme loads at 81.647m from blade root  
Distance from root [m] 81.65 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc13bb1 1.35 70.2 -8.15 18.1 70.6 18.4 134.2 0.29 135.4 
  min dlc14cb 1.35 -49.8 -12.6 22.3 51.3 27.7 -81.5 -1.71 86.1 
FY max dlc23ca_1 1.10 17.2 16.9 17.1 24.1 -31.4 33 -2.7 45.6 
  min dlc11k1 1.35 -28.3 -15.6 21.1 32.3 34.3 -50.5 -5.79 61 
FZ max dlc14bb 1.35 43.6 -0.74 33.1 43.6 6.12 78.5 -6.72 78.8 
  min dlc61ab_l_1_1 1.35 -13.1 0.014 -2.88 13.1 -0.48 -28.2 -0.96 28.2 
Fres max dlc13bb1 1.35 70.2 -8.15 18.1 70.6 18.4 134.2 0.29 135.4 
MX max dlc11k1 1.35 -28.3 -15.6 21.1 32.3 34.3 -50.5 -5.79 61 
  min dlc23ca_1 1.10 17.2 16.9 17.1 24.1 -31.4 33 -2.7 45.6 
MY max dlc13bb1 1.35 70.2 -8.15 18.1 70.6 18.4 134.2 0.29 135.4 
  min dlc11k1 1.35 -48.1 -7.65 23.5 48.7 19.2 -82.8 -4.45 85 
MZ max dlc23ba_3 1.10 54.7 7.03 21.5 55.1 -12.7 99.9 5.6 100.7 
  min dlc11k1 1.35 -14.8 2.21 21.4 14.9 -1.75 -24.3 -13.1 24.3 
Mres max dlc62d_h_2_1 1.10 70.2 -8.15 18.1 70.6 18.4 134.2 0.29 135.4 
Table A.24 Extreme loads at 83.382m from blade root  
Distance from root [m] 83.38 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21ba 1.35 39.1 -0.68 13.8 39.1 2.66 44.7 -0.62 44.7 
  min dlc14cb 1.35 -27 -6.93 11.5 27.9 9.55 -26.4 -2.16 28.1 
FY max dlc23ca_1 1.10 9.31 9.2 8.79 13.1 -10.9 10.8 -1.43 15.3 
  min dlc11k1 1.35 -16.3 -8.67 10.8 18.4 12.4 -17 -3.55 21 
FZ max dlc14bb 1.35 23.5 -0.31 17 23.5 2.82 25.7 -3.48 25.8 
  min dlc61ab_l_1_1 1.35 -7.47 -0.02 -1.51 7.48 -0.25 -10.1 -0.43 10.1 
Fres max dlc21ba 1.35 39.1 -0.68 13.8 39.1 2.66 44.7 -0.62 44.7 
MX max dlc11k1 1.35 -16.3 -8.67 10.8 18.4 12.4 -17 -3.55 21 
  min dlc23ca_1 1.10 9.31 9.2 8.79 13.1 -10.9 10.8 -1.43 15.3 
MY max dlc21ba 1.35 39.1 -0.68 13.8 39.1 2.66 44.7 -0.62 44.7 
  min dlc11k1 1.35 -26.5 -4.38 12 26.8 6.82 -27.2 -2.94 28.1 
MZ max dlc23ba_3 1.10 29.6 4 11.1 29.9 -4.55 32.6 2.06 32.9 
  min dlc11k1 1.35 -8.52 1.2 11 8.6 -0.45 -7.61 -6.5 7.63 
Mres max dlc11a1 1.35 38.2 -4.28 9.38 38.4 6.32 44.3 0.33 44.8 
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Table A.25 Extreme loads at 85.165m from blade root  
Distance from root [m] 85.17 FX FY FZ Fres MX MY MZ Mres 
Load Case γF [-] [kN] [kN] [kN] [kN] [kNm] [kNm] [kNm] [kNm] 
FX max dlc21ba 1.35 10.2 -0.041 4.35 10.2 0.3 4.18 -0.087 4.19 
  min dlc14cb 1.35 -6.75 -1.68 3.6 6.95 1.02 -2.15 -0.83 2.38 
FY max dlc23ca_1 1.10 2.33 3.01 2.78 3.81 -1.53 1 -0.33 1.83 
  min dlc11k1 1.35 -4.15 -2.65 3.4 4.93 1.71 -1.37 -0.94 2.19 
FZ max dlc14bb 1.35 6.03 -0.18 5.34 6.03 0.6 2.31 -0.8 2.38 
  min dlc61ab_h_2_1 1.35 -0.17 0.061 -0.49 0.18 -0.072 -0.4 0.11 0.4 
Fres max dlc21ba 1.35 10.2 -0.041 4.35 10.2 0.3 4.18 -0.087 4.19 
MX max dlc11k1 1.35 -4.15 -2.65 3.4 4.93 1.71 -1.37 -0.94 2.19 
  min dlc23ca_1 1.10 2.33 3.01 2.78 3.81 -1.53 1 -0.33 1.83 
MY max dlc13cb1 1.35 9.74 -0.97 3.03 9.79 0.67 4.19 0.12 4.24 
  min dlc11k1 1.35 -6.29 -1.21 3.44 6.4 0.86 -2.51 -0.94 2.65 
MZ max dlc13cb1 1.35 7.29 -1.16 2.74 7.39 0.73 2.86 0.41 2.95 
  min dlc11k1 1.35 -2.99 -0.47 4.54 3.02 0.54 -0.47 -1.54 0.72 
Mres max dlc23ba_2 1.10 9.74 -0.97 3.03 9.79 0.67 4.19 0.12 4.24 
 
